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ABSTRACT OF THE DISSERTATION 

 
Label-free fluorescence lifetime imaging microscopy (FLIM) to study metabolism and 

oxidative stress in biological systems 
 

By 
 

Rupsa Datta 
 

Doctor of Philosophy in Biomedical Engineering 
 

 University of California, Irvine, 2016 
 

Professor Enrico Gratton, Chair 
 
 
 

Study of cellular metabolism and its influence on physiological functions and pathology along 

with investigation of oxidative stress in pathogenesis are essential for fundamental biology 

as well as biomedical research. Optical imaging offers the opportunity to assess these indices 

non-invasively. In this work we apply two-photon fluorescence lifetime imaging microscopy 

(FLIM) of intrinsic fluorophores for label-free metabolic and oxidative stress imaging in a 

wide range of biological samples. Analysis of FLIM data was performed by applying the ‘fit-

free’ phasor approach where each pixel of the image is transformed to its corresponding 

phasor on the phasor plot. Biological systems are a rich resource of autofluorescent 

biomolecules. Their fluorescence lifetimes are sensitive to alteration of normal physiology, 

making them attractive endogenous probes. We discovered one such endogenous 

fluorophore with characteristic long fluorescent lifetime. We hypothesized these long 

lifetime species (LLS) to be fluorescent products of lipid oxidation by reactive oxygen species 

(ROS), rendering them biomarkers of oxidative stress. To correlate the long lifetime species 

(LLS) with lipid droplets, we performed simultaneous FLIM and two coherent nonlinear 
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microscopy techniques: third harmonic generation (THG) imaging microscopy and coherent 

anti-Stokes Raman scattering (CARS) microscopy that are sensitive to lipids. We went one 

step further to characterize the chemical nature of this discovered species by classical Raman 

spectral analysis. We show application of this technique in cancer, induced pluripotent stem 

cell derived cardiomyocytes, as well as in freshly excised mice adipose tissue. The identified 

endogenous biomarker unfolds opportunities of performing non-invasive measurements of 

oxidative stress in vivo. 

We also exploited the autofluorescent coenzyme reduced nicotinamide adenine dinucleotide 

(NADH), an endogenous probe extensively used for metabolic imaging. We performed 

NADH-FLIM to study the metabolic status of a vascularized three-dimensional tumor 

microenvironment in a microfluidic based platform. We could identify metabolically 

dissimilar regions, as well as identify metabolic response to anticancer drug. 

Finally, we explored NADH-FLIM of a different class of organisms – bacteria. We show for 

the first time, FLIM-phasor fingerprint of clinically important bacteria. We discovered 

interesting bacterial phasor trajectories at different growth phases as well as response to 

antibiotics, all at single cell resolution.  

 

 

 

 

 



 
 

1 
  

  

Introduction 

Chapter overview: In this thesis we demonstrate the applications of two-photon 

fluorescence lifetime imaging microscopy in assessment of metabolism in normal health and 

pathology, in a wide range of biological samples - 2D cell cultures, fresh tissue as well as 

tissue engineered microphysiological models. Furthermore, we establish a novel technique 

for oxidative stress detection employing endogenous fluorophore. This chapter discusses 

basics of metabolism and oxidative stress and their significance in biomedical research along 

with current techniques available for their measurement. The chapter concludes with 

establishing the importance of label-free medical imaging.   

1.1 Metabolism and oxidative stress 

Research in metabolism has been propelled by the fact that metabolic activity of cells plays 

a pivotal role in normal cell physiology, influences all cellular functions and dictates cell fate. 

Its perturbation is associated with human diseases.  An increasing number of researches are 

dedicated to unravel the influences of metabolic pathway in cell growth, proliferation, cell 

differentiation and cell death. Metabolism involves several biochemical pathways catalyzed 

by a sequence of enzymes which results in either consumption or production of energy. The 

core metabolic pathways can be divided into three main groups1:  

Anabolism – synthesis of small molecules and their polymerization into complex 

macromolecules. These processes require energy. 
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Catabolism –  degradation of large molecules (polysaccharides, lipids, nucleic acids and 

proteins) into smaller subunits (monosaccharides, fatty acids, nucleotides, and amino acids) 

with the release of energy. 

Toxic waste removal   

While metabolism encompasses myriad of complex biochemical pathways, oxidative 

phosphorylation, anaerobic glycolysis, and aerobic glycolysis (Warburg effect) are three 

important processes of cellular respiration (Fig 1.1). Mature, differentiated cells metabolize 

glucose to pyruvate through glycolysis in the cytosol. Subsequently, in presence of oxygen, 

pyruvate is decarboxylated to produce acetyl-CoA in the mitochondrial matrix which then 

enters the Krebs cycle. Reduced nicotinamide adenine dinucleotide (NADH) and reduced 

flavin adenine dinucleotide (FADH2) created in all the above steps donate electrons to the 

electron transport chain (ETC) and this oxidative phosphorylation produces energy. Oxygen 

is the final electron acceptor in this pathway and hence is an essential metabolite. Oxidative 

phosphorylation also produces reactive oxygen species (ROS).  During scarcity of oxygen, the 

cells might shift to anaerobic glycolysis where pyruvate is converted to lactate. The 

adenosine triphosphate (ATP) generated by anaerobic glycolysis is significantly lower than 

oxidative phosphorylation and hence is less efficient in ATP production. Highly proliferating 

cancer cells perform aerobic glycolysis, that is, glycose is converted to lactate even in 

presence of oxygen. This process, also known as the ‘Warburg effect’, is also less efficient in 

ATP production in comparison to oxidative phosphorylation2,3.   
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Although the basic players of metabolism like ATP, acetyl-CoA, NADH, and reduced 

nicotinamide adenine dinucleotide phosphate (NADPH) are universal among all mammalian 

cells, their metabolic activity are dependent on the microenvironment (for example, 

availability of nutrients, oxygen gradient) and physiological function of the tissue4. For 

example, mature cardiomyocytes have a high ATP demand and hence they employ oxidative 

phosphorylation for efficient ATP generation5. On the other hand, embryonic stem cells 

(ESCs) show high glycolytic rates, and highly proliferative cancer cells show aerobic 

glycolysis even in presence of oxygen2,6.  

Metabolic alteration is considered as one of the hallmarks of cancer along with others such 

as sustained proliferative signals, ability to evade growth suppressors, immune evasion, 

promotion of inflammation, replicative immortality, increased motility, metastatic ability, 

angiogenic potential, increased genomic instability, resistance to cell death’ 7,8.  Hence study 

of cancer metabolism yields powerful insights into disease development.   

Fig 1.1 Simplified schematic of glucose metabolism  
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Another closely related phenomena that has been implicated in a wide range of diseases is 

oxidative stress. These include inflammation, diabetes mellitus, cancer, atherosclerosis, 

other cardiovascular diseases, and numerous neurodegenerative disease9. Furthermore, 

oxidative stress has been linked to the process of aging10. As mentioned previously, ROS are 

created as byproducts of aerobic respiration. These are small molecules derived from oxygen 

including superoxide radical (𝑂2
•−), hydrogen peroxide (𝐻2𝑂2), hydroxyl radicals (𝑂𝐻•) and 

so on. At physiological levels, ROS are involved in intracellular signaling pathways, 

inflammatory response generation, and redox regulation11–13. However, these species are 

highly reactive and when present in excess amount can cause oxidative damages to 

biomacromolecules leading to oxidative stress.  

Hence understanding cellular metabolism, its regulation, and its influence on normal and 

pathological cell physiology coupled with investigation of oxidative stress in pathogenesis of 

these human disease takes an important place biomedical research. 

1.2 Techniques to study metabolism and oxidative stress 

The close relationship of metabolism and oxidative stress and their link to pathology has led 

to wide variety research techniques that are currently used to comprehend and study these 

indices. Analytical biochemistry approach include several “omics”-based strategies7. 

Metabolomics entails comprehensive study of metabolites that are present in the biological 

sample of interest like tissue or cell extract, culture media or biofluids. This can be 

accomplished through the use of techniques like NMR spectroscopy and mass spectrometry 

coupled with chromatography techniques including high performance liquid 

chromatography (HPLC), ultra performance liquid chromatography (UPLC), gas 
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chromatography (GC) or capillary electrophoresis (CE) followed by multivariate statistical 

analysis for pattern-recognition and biological interpretation14 .  Other spectroscopic tools 

employed for metabolomics include Fourier-transform infrared (FT-IR) spectrometry, 

Raman spectroscopy, metabolite arrays and thin- layer chromatograph (TLC)15. However, 

these techniques produce bulk measurements and hence do not allow assessment of 

metabolic activity at single cell level. Also, most of these methods are invasive. Non-invasive 

and partially invasive metabolic imaging have also been explored. Some of them include auto 

radiography to study metabolite 2-deoxyglucose and positron emission tomography (PET) 

scanning to study Fluorodeoxyglucose (FDG-PET). FDG-PET has been employed in clinical 

diagnostic imaging of various kinds of tumors2,16,17. Some studies reported use of 4-fluoro-

glutamines PET for metabolic imaging18. Magnetic resonance (MR) spectroscopy employing 

nuclei like 1H, 13C, 31P, and 19F is also used for metabolic imaging19. Potential limitation of 

these techniques is the requirement of radiolabeling.  Analysis of extracellular flux to 

measure oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) to 

evaluate mitochondrial respiration and glycolysis respectively using the Seahorse 

technology has been gaining popularity over the past decade20,21. However, these techniques 

analyze the media over monolayer of cells or extracted tissue within a microplate, thus 

lacking in spatial information and cannot be translated to in vivo measurements. 

Detecting ROS itself is a direct measure for identifying the presence of oxidative stress. Due 

to their high reactivity and instability, very low steady-state concentrations (picomolar or 

very low nanomolar)22 of ROS exists in biological systems. Hence ROS measurement requires 

rapid interaction of sensors and the species.  Indirect techniques for detecting ROS utilize 

the more stable ROS oxidation products. These identify damage to biomolecules by ROS or 
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quantify levels of antioxidants or redox molecules. Substantial progress has been achieved 

in developing techniques to detect ROS. These include chemiluminescent imaging with 

probes like L-012, an analog of luminol or chemiluminescent nanoparticles23,24. Imaging 

oxidative stress by electron paramagnetic resonance (EPR) requires injection of redox-

sensitive spin probes like nitroxide which is reduced to EPR-silent hydroxylamine by ROS, 

causing a decrease in EPR signal25,26. Not only does this technique require administration of 

an external agent, the data interpretation can be difficult as decrease in EPR signal can also 

be attributed to removal of the probe due to absorption into tissues, or excretion through 

kidney or liver. PET/SPECT in vivo imaging techniques have also been employed to indirectly 

detect oxidative stress by using radiotracers to image correlated events like consumption of 

glucose and radiotracers that bind to ROS scavengers or mitochondrial complexes26.   

Optical imaging using exogenous fluorophores have also been employed to study metabolic 

activity and ROS. Small molecule fluorescent indicators of reactive oxygen species (ROS) 

include 2′-7′- dichlorodihydrofluorescein (DCFH), dihydroethidium (DHE), and 

mitochondrial-targeted DHE (mitoSOX)27. These probes are usually nonspecific and compete 

with antioxidant systems to get oxidized by endogenous ROS. This oxidation results in a 

fluorescent product which can be detected by fluorescence microscopy. However, potential 

limitation of these probes are the possibility of them reacting with other biological oxidizing 

or reducing agents. Also the reactions with ROS might produce intermediate probe radicals. 

Further, additional ROS might be generated. For example, one of the popular ROS probe DCSF 

is oxidized to 2′-7′-dichlorofluorescein (DCF) which if fluorescent. However, cytochrome c 

and heme peroxidases could also bring about DCFH oxidation. Moreover, DCF radical can 

react with oxygen to produce 𝑂2
•− and subsequently 𝐻2𝑂2

27.  
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Another class of optical probes consist of genetically encoded fluorescent proteins for 

metabolic biosensing and ROS detection. Hung et al. created a circularly permuted 

fluorescent proteins (cpFPs), Peredox, is a biosensor for cytosolic NADH-NAD+ redox ratio 

in mammalian cells28. Other FPs include reduction-oxidation-sensitive green fluorescent 

proteins (roGFPs) for redox potential measurement29, mitochondrially targeted circularly 

permuted fluorescent proteins (mt-cpYFP) for superoxide flashes30, circularly permuted 

yellow fluorescent protein (cpYFP) HyPer, HyPer-3, and roGFP2-Orp1 to detect H2O231 and 

recently reported sensors for NADP+ (Venus-tagged Apollo- NADP+)32 and mitochondrial 

NAD+33 . However, these require creation of specific gene constructs, transfection of these 

constructs into cells or creating transgenic mice for study in metabolic and ROS imaging of 

tissue. Also the genetically encoded proteins might alter the redox homeostasis. 

In this work we apply label-free optical microscopy techniques to assess metabolism and 

oxidative stress in a wide range of biological samples. Optical imaging provides the 

opportunity to non-invasively probe living samples without perturbing the natural 

physiology. 

1.3 Label free fluorescence imaging 

Biological systems are a rich resource of endogenous fluorophores that are extensively 

employed to study and assess physiological functions like metabolism in a convenient and 

label-free manner. The emission properties of these intrinsic biomolecules are often 

influenced by their microenvironment, morphology, metabolic state and pathological 

conditions of the cells or tissue, hence rendering them powerful biomarkers. Some of the 

significant intrinsic fluorophores with their one photon excitation and emission wavelengths 
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have been listed in table 1.1. One of the earliest employed intrinsic fluorophores to assess 

tissue health was porphyrins, vitamins and lipofuscins. However, after the seminal research 

by Chance et al., NADH fluorescence has been widely used to study metabolism both in vitro 

and in vivo34,35.  The advantage of employing endogenous fluorophores to probe biological 

systems is its non-invasiveness. Use of intrinsic fluorophores avoids administration of 

external fluorescent dyes, thus circumventing associated nonspecific binding, toxicity, and 

interference with the biochemical and physiological functions of the biological system being 

imaged. Furthermore, the technique can be translated to in vivo monitoring of pathological 

condition and fast clinical diagnosis. 

Table 1.1 Spectral characteristics of endogenous fluorophores 

 Endogenous fluorophore Excitation(nm) Emission (nm) Reference 

    

Metabolic coenzymes    

NADH 340 (max) 470 (max) Scott et al36 

NADPH 336 (max) 464 (max) Ramanujam37 

FAD,flavin 450 (max) 535 (max) Ramanujam37 

Flavin mononucleotide (FMN) 444 (max) 558 (max) Leenders et al.38 

Structural proteins    

Collagen 325,360 (max) 400, 405 (max) Ramanujam37 

Elastin 290, 325 (max) 340, 400 (max) Ramanujam37 

Vitamins    

retinol 327 (max) 510 (max) Ramanujam37 

riboflavin 420-500 520 -750 Berezin et al39 

Vitamin K 335 (max) 480 (max) Ramanujam37 

Vitamin D 390 (max) 480 (max) Ramanujam37 

Vitamin B12 275 (max) 305 (max) Ramanujam37 

Pigments    

Melanin 300 -800 440,520,575 Berezin et al39 

Eumelanin 355 520 Chorvatova40 

Phorphyrins 400-450 630,690 Ramanujam37 

Lipofuscin 340 - 395 540, 430 - 460 Berezin et al39 

Bilirubin 350–520 480–650 Zucker et al41 

Amino acids    

phenylalanine 258 (max) 240-270 280 (max) Berezin et al39 

tryptophan 280 (max) 250 - 310 Berezin et al39 

 tyrosine 275 (max) 300 (max) Berezin et al39 
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1.4 NADH, a biomarker for metabolic imaging 

Nicotinamide adenine dinucleotide (NAD) is a metabolic coenzyme that plays a myriad of 

roles in cellular oxidation and reduction reactions. The reduced form NADH and oxidized 

form NAD+ takes part in mitochondrial function, energy metabolism, calcium homeostasis, 

gene expression, oxidative stress, aging and apoptosis. The reduced NADH phosphate 

(NADPH) is associated with reductive fatty acid biosynthesis and steroids, oxidative stress, 

anti-oxidation and the oxidized form, NADP+, is involved with calcium homeostasis42. Real 

time monitoring cellular metabolism during pathophysiological changes is possible by of the 

measuring the redox ratio (NADH:NAD+). NADH is the principal electron acceptor in 

glycolysis which results in two NADH molecules per glucose molecule. Subsequently 

pyruvate is decarboxylation and Kerbs cycle also reduces NAD+ to NADH molecules. During 

oxidative phosphorylation, it is oxidized to NAD+ by donating electrons to the electron 

transport chain, which are ultimately accepted by oxygen42,43.  In the case of anaerobic 

glycolysis, NAD+ is converted to NADH and oxidative phosphorylation is diminished. This 

decreases the oxidation of NADH, resulting in an overall increase of free NADH. Thus, the 

reduction-oxidation pair NADH:NAD+ serves as an indicator of balance between oxidative 

phosphorylation and glycolysis. Bird, et al. demonstrated a correlation between the redox 

ratio NADH:NAD+ and the ratio of free to protein bound NADH, which is advantageous in 

fluorescent based technique because unlike NADH, NAD+ is not fluorescent44 

On the basis of the pivotal role of NADH in cell biology and metabolism, it has the potential 

to be employed as an endogenous biomarker for cellular redox reactions, energy metabolism 

and mitochondrial anomalies under different pathophysiological conditions. The most 
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important property of NADH that makes it an attractive biomarker in optical imaging is its 

autofluorescence with absorption maximum of 340nm and emission maximum of 470nm36. 

More importantly, its fluorescence is affected by local environment and protein binding 

which is dependent on metabolism. This allows non-invasive metabolic imaging of cells and 

tissue in their native physiological environment avoiding perturbation of the biological 

system.  

Early work on use NADH fluorescence in bioscience and its link to metabolism were 

conducted by Chance and his collaborators. In 1956 Boyer and Theorell showed that the 

intensity of fluorescence NADH (then referred to as diphosphopyridine nucleotide, DPNH) 

increased when it binds to liver alcohol dehydrogenase45. Further, the fluorescence emission 

maxima wavelength decreased upon this combination. Similar spectral blue shifts were also 

observed upon binding with yeast alcohol dehydrogenase, lactic dehydrogenase, beef liver 

glutamic dehydrogenase and lactate dehydrogenase36,46. Using this difference in 

spectroscopic properties, correlation between mitochondrial metabolic states and NADH 

redox states were established using spectral fluorometric study of isolated rat liver35,47.  

These preliminary studies showed association of bound NADH to the mitochondrial 

respiratory chain. The first in vivo monitoring of NADH in kidney and brain of anesthetized 

rat, employing two microfluorometers simultaneously was reported by Chance et al in 

196248. This study showed increase in NADH fluorescence indicating increase of free NADH 

when the animals were respiring nitrogen and carbon monoxide (anoxia) or when treated 

with respiratory inhibitors like hydrogen sulphide. 
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Following these initial results, endogenous NADH fluorescence has been used extensively to 

study metabolism. Combination of NADH and FAD fluorescence intensity in form of the redox 

ratio FAD/(NADH+FAD) had been proposed in late 1960s49. This ratiometric approach, 

where an increase in the ratio indicated lower metabolic activity, has also been widely 

employed to explore metabolic activity50–54. 

In this work we exploit the fluorescence lifetime properties of NADH for metabolic imaging. 

Free NADH exists in a folded configuration [Fig 1.2(a)]. This causes quenching of the reduced 

nicotinamide (which is the fluorescent group) by the adenine group. On the contrary, upon 

binding to proteins, NADH is in extended configuration as shown in [Fig 1.2 (b)], causing this 

quenching to decrease. Fig 1.2 (c) shows schematic diagram of NADH in open configuration 

when bound to L-lactate dehydrogenase of trichomonas vaginalis. Due to this self-quenching, 

the lifetime of free NADH is significantly lower (~0.4ns) compared to protein bound 

NADH36,55. For example, the lifetime of NADH bound to lactate dehydrogenase (LDH) is 

3.4ns9,56. Hence the two forms can be distinguished by fluorescence lifetime imaging 

microscopy (FLIM). FLIM of autofluorescent NADH can serve as a powerful tool to study 

metabolism due to the extreme sensitivity of fluorescence lifetime to molecular 

conformations and the fluorophore’s surrounding environment. Also, unlike intensity based 

imaging, lifetime measurements are independent of concentration. Hence, NADH FLIM is 

extensively employed as an endogenous biomarker for metabolic imaging in cancer, stem 

cell differentiation and so on 42–44,56–60. 
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Fig 1.2 NADH conformations. (a) folded conformation of NADH as it eminently exists in free state. 
(b) extended conformation of NADH. a and b are adopted from Hull et al (c) Schematic diagram 
showing chain A of L-lactate dehydrogenase of Trichomonas vaginalis (green ribbon) in complex 
with NADH (pink stick representation) and chain B of L-lactate dehydrogenase (blue ribbon) in 
complex with NADH (yellow stick representation). ‘c’ was created using iCn3D web-based 
software (www.ncbi.nlm.nih.gov) 
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1.5 Chapter Summary 

In this thesis, two-photon fluorescence lifetime imaging microscopy (FLIM) was employed 

for metabolic imaging and detection of oxidative stress in a wide range of biological samples. 

In this chapter we briefly introduce the basics of cell metabolism and oxidative stress. We 

establish the motivation to study these parameters by discussing their significance in 

regulating normal physiology and pathogenesis. Next we consider some of the alternative 

techniques currently employed for metabolism and oxidative stress measurements and their 

shortcomings. We also introduce the importance of label-free imaging and enlist some 

endogenous fluorophores currently employed as biomarkers of different physiological 

functions. We conclude the chapter by discussing autofluorescence of an important 

metabolic coenzyme reduced nicotinamide adenine dinucleotide (NADH) which will be 

employed extensively as a biomarker for label free metabolic imaging throughout the work 

presented in this thesis.  
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Methods 

Chapter overview: In this thesis we exploit frequency domain fluorescence lifetime imaging 

microscopy (FLIM) of endogenous fluorophores as a powerful biomedical optics tool. This 

chapter serves to briefly explain the theory behind FLIM technique employed for the work 

presented in this thesis. Further, this chapter also includes detailed explanation of the phasor 

approach to FLIM data analysis and interpretation. In certain projects, we have also 

employed additional optical microscopy techniques like third harmonic generation, CARS 

(Coherent Anti-Stokes Raman Scattering) microscopy and so on, details of which will be 

explained in the ‘Materials and methods’ section of the respective chapters. 

2.1 Fluorescence lifetime and its measurement 

When a fluorophore is excited by a short pulse of light, its fluorescence lifetime (𝜏) is the 

time it takes for the intensity, 𝐼(𝑡), to decrease to 1 𝑒⁄  or 36.8% of original value (Fig 2.1). The 

intensity at time 𝑡 is given by: 

     𝐼(𝑡) =  𝛼𝑒
−𝑡

𝜏⁄       (1) 

where,  𝛼 is the pre-exponential factor. 

In case of a population of excited fluorophores, the fluorescence lifetime is the time it takes 

for the number of excited molecules, 𝑛∗(𝑡), to decrease to 1 𝑒⁄  or 36.8% of original population 

𝑛∗(0). The number of excited molecules at a time 𝑡 is given by: 

     𝑛∗(𝑡) =  𝑛∗(0)𝑒
−𝑡

𝜏⁄      (2)  
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If the decay is single exponential, it can be described by equation (1). However, if the decay 

is multi-exponential, the decay equation takes the form 

     𝐼(𝑡) =  ∑ 𝛼𝑖𝑖 𝑒
−𝑡

𝜏𝑖
⁄       (3) 

For example, if a decay has two lifetimes, it can be expressed as: 

    𝐼(𝑡) =  𝛼1𝑒
−𝑡

𝜏1⁄ +  𝛼2𝑒
−𝑡

𝜏2⁄      (4) 

From the days of its inception, two alternative methods for fluorescence lifetime 

measurement have been employed – the frequency domain method and time domain 

method61–66. Detailed explanation of the techniques is beyond the scope of this thesis. Very 

briefly, in time domain method, the sample is illuminated by a short pulse of light (short 

relative to the lifetime (𝜏) of the fluorophore) and the corresponding intensity decay is 

measured. The fluorescence lifetime can be calculated from the amount of time the signal 

decreases to  1 𝑒⁄  of its initial value, i.e., at time t=0. Currently, time-correlated single-photon 

counting (TCSPC) technique is largely employed for time domain measurement which 

involves construction of photon delay histogram. 64,66–69. 

Fig 2.1 Schematic of excitation, single exponential fluorescence decay curve and lifetime 
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In this work, we employed the frequency domain method for fluorescence lifetime 

measurement. This technique, also referred to as phase-modulation domain, dates back to 

1926 when, for the first time, lifetime was measured by Gaviola70. Venetta in 1959 

demonstrated lifetime measurement by coupling a phase fluorometer to a microscope, one 

of the seminal works leading to the present day fluorescence lifetime imaging microscopy 

(FLIM)71.  

In frequency domain method, the sample is excited by a modulated light source at high 

frequencies and the harmonic response of the system is measured. The equation of this 

modulated excitation signal for a given frequency of modulation can be written as: 

    𝐸(𝑡) = 𝐸(0)[1 + 𝑀𝐸 sin(𝜔𝑡)]    (5) 

where 𝐸(𝑡) is intensity at time 𝑡 and 𝐸(0) is intensity at time 0. 𝑀𝐸  is the excitation 

modulation factor and 𝜔 is the angular frequency and is given by 𝜔 = 2𝜋𝑓, 𝑓 is the linear 

modulation frequency.  

With a sinusoidally modulated excitation, the emission signal will also be modulated 

sinusoidally63,66. However, emission signal will be phase shifted with respect to the 

excitation due to delay between absorption and emission. Also, the peak to peak amplitude 

of the emission will be decreased. This can be written as66: 

    𝐹(𝑡) = 𝐹(0)[1 + 𝑀𝐹 sin(𝜔𝑡 +  𝜙)]     (6) 

where 𝐹(𝑡) is the fluorescence intensity at time 𝑡 and 𝐹(0) is that at time 𝑡 = 0. 𝑀𝐹 is the 

emission modulation factor and 𝜙 is the phase delay between excitation and emission. The 
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modulation and phase shift of the emission is dependent on relative values of frequency of 

modulation, 𝑓, and lifetime 𝜏. 

In case of single exponential decays, we can obtain the phase lifetime (𝜏𝑃) as the following: 

     tan 𝜙 = 𝜔𝜏𝑃       (7) 

The modulation factors can be expressed as the ratio of AC to DC components of the 

respective signals (Fig 2.2): 

   𝑀𝐸 =  
𝐴𝐶𝐸𝑋

𝐷𝐶𝐸𝑋
                            𝑀𝐹 =  

𝐴𝐶𝐸𝑀

𝐷𝐶𝐸𝑀
    (8) 

From this, we can estimate the relative modulation M as: 

     𝑀 =  
𝐴𝐶𝐸𝑀

𝐷𝐶𝐸𝑀
  

𝐴𝐶𝐸𝑋

𝐷𝐶𝐸𝑋
⁄       (9) 

The relative modulation (𝑀) and modulation lifetime (𝜏𝑀) are related as: 

     𝑀 =  
1

√1+(𝜔𝜏𝑀)2
     (10) 

Fig 2.2 Schematic diagram of sinusoidally modulate excitation and the resulting phase shifted 
emission signal in frequency domain measurement. The AC and DC components of each signal are 
also indicated. 
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In case of a single exponential decay, lifetimes from phase and relative modulation are equal, 

i.e.,  𝜏𝑃 =  𝜏𝑀 for all 𝜔, However, for a multi-exponential decay, 𝜏𝑃 <  𝜏𝑀 and will depend on 

modulation frequency72. Usually phase measurements are more preferred than modulation. 

The modulation frequency used for the measurement should be chosen by keeping in mind 

the lifetime scale of fluorophore being measured.  Having the angular modulation frequency 

set to roughly the inverse of the lifetime (i.e., 𝜔𝜏 =  1) gives maximum sensitivity. Linear 

modulation frequencies in the order of 100MHz to 1GHz, gives picoseconds temporal 

resolution appropriate for fluorescence lifetime measurement. In this work frequency of 

80MHz is used. Instead of a sinusoidally intensity modulated source, a pulse source can be 

employed that according to Fourier theory, is equivalent to a sum of sinusoids.  

Since the modulation frequencies are very high, it is technically difficult to measure the phase 

shifts and demodulations directly73.  For frequency domain fluorescence lifetime detection, 

we employed the FLIMbox coupled with laser scanning microscope61,74,75. This detection 

scheme has undergone a massive advancement, the details of which are once again outside 

the scope of this thesis. Following is a brief retrace of FLIMbox development.  One of the 

earlier methods used was the analog frequency domain detection which was advantageous 

in case of heterogeneous sample with multi-exponential decays72.  This was pursued by 

cross-correlation or heterodyning scheme of frequency domain detection as described by 

Spencer and Weber and entails modulation of detector (photomultiplier tube) gain with a 

frequency close by not equal to the frequency of laser modulation61,63,72. This low frequency 

signal at the detector carrying the phase and modulation information of the original signal 

can be digitized and subsequently analyzed using Fourier Transformation (FT)63,73. Moving 
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forward from analog to digital frequency domain detection, the first parallel multifrequency 

fluorometer was described in 1989 where pulsed light source was employed76. Further, the 

detector gain was modulated by a pulse rather than a sinusoid. In 2007, the digital frequency 

domain FLIM (DFD-FLIM) system or the First FLIMbox for FLIM was implemented at the 

Laboratory for Fluorescence Dynamics (LFD) in 2007 which employed a field programmable 

gate array (FPGA) chip for digital heterodyning61,75,77. This was followed by the Parallel 

digital frequency FLIMbox construction (2009)61. In this digital frequency domain lifetime 

measurement, instead of modulating the detector gain, the analog signal is digitally 

modulated by data collection circuitry. The FLIMbox creates photon counting phase 

histograms where the laser repetition rate is divided into a number of phase intervals (for 

example 256) and the arriving photons are phase tagged74. The photons representing the 

lifetime decay are spread among these phase bins and are efficiently collected. This increases 

the time resolution which essentially depends on the photons collected61.     

2.2 Phasor Approach to Fluorescence Lifetime Imaging Microscopy (FLIM) 

2.2.1 Advantage of the phasor analysis 

Fluorescence lifetime data, especially while measuring intrinsic fluorescence from 

heterogeneous samples like cells or tissue are often very complex and the decay profiles are 

no longer single exponentials.  Moreover, for time domain measurements, the intensity decay 

is convolved with the instrument response function (IRF). For such data analysis the IRF is 

deconvolved from the measured decay using methods like non-linear least square followed 

single exponential function or multi-component exponential fitting39,53,57,64,67. Some 

alternative data analysis techniques reported include Laplace transform method, global 
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fitting algorithm by image segmentation or stretched exponential fitting and Laguerre 

deconvolution technique  have also been suggested78–81. All these approaches, however, 

become more complicated in heterogeneous samples with multiexponential decay. Also, 

calculation of the decay lifetime at each individual pixel of a FLIM image further increases 

the complexity and tend to be computationally expensive. In this work, we employ the 

phasor approach to FLIM which circumvents all these problems by avoiding fitting of the 

measurements82,83. Importantly, it works on the unbiased raw data without any 

approximation. The method does not require a priori knowledge of the sample being imaged 

and gives instantaneous results. By this method, we can obtain decay information at each 

pixel of the image. If a single pixel contains more than one fluorescent molecular species, 

these can be easily identified.  Another benefit of the phasor approach is the instantaneous 

visualization of the spatial location of the identified molecular species in the image. 

Fluorescence lifetime analysis by phasor approach was first introduced for single point 

measurements in 198484. More than a decade later it was implemented for the analysis of 

heterogeneous multi-exponential systems85,86. In 2008, phasor approach was applied to 

FLIM  and the concept of phasor fingerprinting of molecular species on the phasor plot was 

introduced along with creation of FLIM map82. 

Following this, FLIM-phasor analysis has been successfully employed to study 

autofluorescence, FLIM-FRET analysis, polarity and dipolar relaxation effects of laurdan and 

so on83,87–93. Recently phasor approach was exploited beyond FLIM94,95. 
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2.2.2 The phasor transformation 

In the phasor analysis, the fluorescence decay information each pixel in the FLIM image is 

transformed into a point in the phasor plot82. The 2-D histogram of the phasors is plotted on 

the phasor plot to create the phasor distribution of the image. This allows analysis of 

different lifetime phasor clusters which can be can be mapped back onto the image to create 

the FLIM map. 

This method of analysis can be applied to both time domain and frequency domain FLIM 

measurements. Let 𝑃(𝑖, 𝑗) be a pixel in the FLIM image with coordinates (𝑖, 𝑗). Let 𝐼𝑖,𝑗(𝑡) be 

the fluorescence intensity decay at that pixel. In case of time-domain, the corresponding 

coordinates in the phasor plot (𝑔, 𝑠) is given by89: 

    𝑔𝑖,𝑗(𝜔) =  
∫ 𝐼𝑖,𝑗(𝑡) cos(𝜔𝑡)𝑑𝑡

𝑇
0

∫ 𝐼𝑖,𝑗(𝑡)𝑑𝑡
𝑇

0

      (11) 

 

    𝑠𝑖,𝑗(𝜔) =  
∫ 𝐼𝑖,𝑗(𝑡) sin(𝜔𝑡)𝑑𝑡

𝑇
0

∫ 𝐼𝑖,𝑗(𝑡)𝑑𝑡
𝑇

0

     (12) 

where 𝜔 = 2𝜋𝑓, and 𝑓 = 1/𝑇 is the laser repetition rate. 𝑓 = 80𝑀𝐻𝑧 in our case. 

In case of frequency domain measurement, the coordinates are given by: 

    𝑔𝑖,𝑗(𝜔) =  Mi,jcos (ϕi,j)      (13) 

    𝑠𝑖,𝑗(𝜔) =  Mi,jsin (ϕi,j)      (14) 

where relative modulation Mi,j is the modulation and ϕi,j is the phase shift of the emission 

signal with respect to the excitation, at pixel 𝑃(𝑖, 𝑗). The phasor coordinates can also be 
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expressed in term of lifetime and angular laser repetition frequency. In the case of single 

exponential decay the g and s coordinates are given by the equations:  

    𝑔𝑖,𝑗(𝜔) =  
1

1+(𝜔𝜏)2      (15) 

    𝑠𝑖,𝑗(𝜔) =  
𝜔𝜏

1+(𝜔𝜏)2       (16) 

From the equations of phasor coordinates, (g, s), i.e., equations (15) and (16), we can derive: 

    𝑠𝑖,𝑗
2 + (𝑔𝑖,𝑗 − 1

2⁄ )2 = 1
4⁄      (17)  

From this equation, we can deduce that all single exponential lifetimes will fall on a semi-

circle of radius 1 2⁄  and center (1
2⁄ , 0).  Since all possible single exponentials lie on this circle, 

it is referred to as the Universal Circle. A short lifetime having smaller phase will lie near the 

Fig 2.3 The phasor transformation. (a) Schematic representation to showing the shift of phasor 
along the universal circle with changes in single exponential lifetime. In this representation 𝝉𝟏 >
𝝉𝟐 > 𝝉𝟑. Longer lifetime falls near the coordinates (0, 1) while shorter are nearer to (0, 0). (b) 
Rule of linear addition of phasors 
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point (1,0) which corresponds to 𝜏 = 0, while a long lifetime will fall on the Universal circle 

coordinates (0,0) which corresponds to 𝜏 = ∞. This has been schematically shown in Fig 

2.3(a). 

If a pixel in the FLIM image consists of multiple single lifetime components in, the phasor 

coordinates are given by:  

    𝑔𝑖,𝑗(𝜔) = ∑
ℎ𝑘

1+(𝜔𝜏𝑘)2𝑘       (18) 

    𝑠𝑖,𝑗(𝜔) = ∑
ℎ𝑘𝜔𝜏𝑘

1+(𝜔𝜏𝑘)2𝑘       (19) 

where ℎ𝑘  is the intensity weighted fractional contribution of the single-exponential 

component with lifetime 𝜏𝑘. The location of phasor of a system with multiple single 

exponential species will be the intensity – weighted average of contribution of each single 

exponential species, that would individually fall on the Universal circle. Another important 

feature of phasor is the rule of linear addition and is represented in Fig 2.3 (b). The phasor 

of a system of mixtures of two different pure single exponential species will fall on a straight 

line joining the phasor location of the individual species on the semicircle82,86. The phasor 

distribution of possible linear mixture of the two chemical species (species 1 and 2 in Fig 2.3 

(b)) will fall along the line connecting the two components, the positions of which will be 

determined by the relative fractional contributions. Hence the phasor of a heterogeneous 

sample will have a position inside the Universal circle. 

In a biological system like tissue which contains a number of fluorescent molecules, the 

phasor will be given by sum of each individual phasor component (𝑔𝑛, 𝑠𝑛) weighted by their 

respective fractional contribution (𝑓𝑛). The overall coordinates in this case is given by: 
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     𝐺(𝜔) = ∑ 𝑓𝑛𝑔𝑛𝑛 (𝜔)     (20) 

     𝑆(𝜔) = ∑ 𝑓𝑛𝑠𝑛𝑛 (𝜔)     (21) 

2.3  NADH FLIM phasor 

One of the prominent applications of the phasor approach that has been employed in this 

thesis is analysis of NADH FLIM. Fig 2.4 shows the phasor positions of free and enzyme 

lactate dehydrogenase (LDH) bound NADH that falls close to the universal circle. Any 

possible mixture of these decays will fall in the line joining these two phasors. This has been 

referred to as the metabolic trajectory by Stringari et al. and the free/bound NADH ratio 

decrease linearly along this line from the position of 100% free NADH to 100% bound NADH 

(Fig 2.4)96. Biological samples like cells and tissues contain different mixtures of free and 

bound form of NADH, depending on the location inside the cell (cytoplasm vs. nucleus) and 

the metabolic state of the cell. If we analyze the NADH FLIM data from such a sample using 

the phasor approach, it would result in phasors distributed along the line joining the pure 

single exponentials. From this plot we can identify fraction of free and bound NADH ratio in 

Fig 2.4 Phasor fingerprint position of free NADH (~0.38ns) and lactate dehydrogenase bound 
NADH (~3.4ns) with laser repetition rate of 80MHz. The line joining these position is referred to 
as the metabolic trajectory (blue dashed line). 
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our sample.  By mapping the phasor points back onto the image, we can create an NADH 

distribution map.  

NADH FLIM phasor technique have been previously employed for metabolic imaging of 

human embryonic stem cell, neural stem cell differentiation and progenitor stem cells58,89,97. 

NADH free/bound ratio in the nucleus in myoblast cell line have been also probed97. Along 

with monolayer cell culture sample, the NADH FLIM phasor have been extended to live tissue 

imaging, including live mice. These include metabolic fingerprinting of small intestine crypts, 

and detection of metabolic oscillation following circadian rhythm in epidermal basal layer 

stem cell96,98. Pate et al. employed NADH FLIM phasor to discover reduction of colon cancer 

cell glycolytic metabolism upon interference of Wnt signaling, an important pathway in 

tumorigenesis99.  

2.4 FLIM map representation 

In this thesis we have used two FLIM map representation – the cursor selection method and 

the pseudo-colorscale. Both are essentially the same concept but have different visual 

impact. In the cursor selection method, the FLIM map is created by placing circular or square 

cursors on the phasor plot. The idea is to select the phasor cluster of interest with the cursor 

[Fig 2.5(a)]. The pixels in the image that have their phasor inside the cursor will be color 

coded to match the color of the cursor. Multiple cursors can be used to select multiple phasor 

clusters within the phasor plot, thus allowing visualization of spatial locations of these 

selections. The size and placement position of the cursors depends on the specific phasor 

distribution being analyzed. Furthermore, for quantitative analysis, the fraction of pixels in 

an image within a specific cursor can be calculated.  
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The second FLIM map representation, essentially used to create ‘NADH FLIM map’ in this 

thesis, takes advantage of the linear addition property of phasor. To color code the linear 

decrease in free to protein bound NADH ratio along metabolic trajectory, as defined in the 

previous section, a continuous color scale can be applied. This will create a free to bound 

Fig 2.5 FLIM map by phasor analysis. (a) FLIM map by cursor selection method. (b) NADH FLIM 
map created by colorscale white/yellow to red/pink applied between positions A and B on the 
phasor distribution, representing linear decrease of free to protein bound NADH ratio. (C) 
Masking to obtain phasor distributions of separate region of interest (ROI) with the image. Left 
panel shows the average fluorescence intensity image. Middle panel shows two manually drawn 
masks (1 and 2) and the corresponding intensity image after application of masks. Right panel 
shows the phasor distribution from ROI 1 and ROI 2. 
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NADH FLIM map according to the color scale. For example, in Fig 2.5(b), the color scale 

white/yellow to red/pink represents linear decrease of free to protein bound NADH ratio. 

To create the NADH FLIM map, this color scale was applied between the extreme ends of the 

phasor distribution, dividing it into 32 levels. Throughout the thesis this color scale will be 

maintained.  

It is important to note that this analysis technique is reciprocal, i.e., if we select a region of 

interest manually or by feedback from other known fluorophores, the corresponding phasor 

distribution of only the masked segment of the image can be obtained Fig 2.5 (c). 

2.5 Spectral phasor analysis in brief 

Spectral phasor analysis is a simple graphical technique for spectral unmixing100,101. This 

entails Fourier transformation of fluorescence spectrum in each pixel to obtain the g (x-

coordinate) and s (y-coordinate) using the following equations: 

𝑔𝑖,𝑗(𝜆) =
∑ 𝐼𝑖,𝑗(𝜆) cos

2𝜋𝜆

𝐿𝜆

∑ 𝐼𝑖,𝑗(𝜆)𝜆
     (22) 

𝑠𝑖,𝑗(𝜆) =
∑ 𝐼𝑖,𝑗(𝜆) sin

2𝜋𝜆

𝐿𝜆

∑ 𝐼𝑖,𝑗(𝜆)𝜆
     (23) 

Where 𝐼𝑖,𝑗 is the intensity at pixel (i, j) at each channel step of the spectrum (32 channels). L 

is the total wavelength range (416-728 nm). The g and s coordinates vary between 1 and -1. 

The position of the spectral phasor on the spectral polar plot depends on the center of mass 

and the full width of the half maximum (FWHM) of the spectrum. The angular position of the   
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phasor gives the center of mass of the spectrum while the radial position is defined by the 

spectrum's FWHM (Fig 2.6). phasor gives the center of mass of the spectrum while the radial 

position is defined by the spectrum's FWHM (Fig 2.6). 

2.6 FLIM instrumentation   

The FLIM frequency domain measurement was collected on Zeiss LSM 710 microscope (Carl 

Zeiss, Jena, Germany). For excitation, 80MHz multiphoton excitation laser source, 

Titanium:Sapphire MaiTai laser (Spectra-Physics, Mountain View, CA) was used with 

excitation at 740nm.  Image scan speed was 25.21 µs/pixel and image size is 256 × 256 pixels. 

For separating excitation from emission signal a dichroic filter at 690 nm was employed. A 

bandpass emission filter 460/80nm (Semrock, Rochester, NY) coupled to a photomultiplier 

tube (H7422P-40, Hamamatsu, Japan) was used as the microscope external detector port 

photo-sensor unit. FLIM data was acquired using A320 FastFLIM FLIMbox (ISS, Champaign, 

Fig 2.6 Schematic of spectral phasor representation. The angular position of the phasor gives the 
center of mass of the spectrum ( λ1 < λ2 < λ3) while the radial position is defined by the 
spectrum's FWHM ( w0 < w1 < w2).  
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IL). For acquisition and FLIM data processing the SimFCS software developed at the 

Laboratory of fluorescence dynamics (LFD, UC Irvine) was used. For calibrating the FLIM 

system, Rhodamine 110 with known lifetime of 4.0 ns was measured for every experiment. 

All the (g, s) coordinate systems in this this thesis employ the fundamental frequency of the 

laser at 80MHz (repetition rate of the laser).   
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2.7  Chapter Summary 

In this chapter the methods employed in this thesis was discussed. In the first part of the 

chapter the different techniques to measure fluorescence lifetime imaging microscopy was 

explained. Specifically, frequency domain method was elaborated, followed by discussion on 

the detection schemes with a brief history about the FLIMbox development.  The second part 

of the chapter focused on phasor approach of FLIM data analysis and its advantages followed 

by a brief discussion on NADH FLIM -phasor technique to study cell and tissue metabolism 

that were previously reported.   
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A new approach to label-free detection of oxidative stress 

Chapter overview: In this chapter, we establish for the first time, a novel oxidative stress 

detection technique by FLIM of an endogenous fluorophore. In this work, FLIM-phasor 

serves discovery tool of this intrinsic species with characteristic fluorescence lifetime 

signature. This technique, coupled with metabolic imaging using NADH lifetime, could have 

tremendous potential to study pathological response of cells and tissues. The most attractive 

feature is its non-invasiveness, which unveils opportunities for in vivo animal studies. 

This work has been published in the following papers:  

Datta, R., Alfonso-Garcia, A., Cinco, R., and Gratton, E. Fluorescence lifetime imaging of 

endogenous biomarker of oxidative stress. Scientific Reports, 5, 9848 (2015). 

Borrego, S. L., Fahrmann, J., Datta, R., et al. Metabolic changes associated with methionine 

stress sensitivity in MDA-MB-468 breast cancer cells. Cancer & Metabolism, 4:9 (2016). 

 

3.1  Introduction 

Reactive oxygen species (ROS) are intrinsic free radicals produced as a result of normal 

cellular metabolism. As discussed in Chapter 1, ROS concentration at moderate level plays a 

role in signaling pathways of physiological processes and in maintaining redox 

homeostasis11–13. However, increased concentration of ROS causes oxidative stress. This is 

detrimental to the cellular components because of several biochemical processes including 
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lipid peroxidation and proteins and DNA damage13. Modifications of these biomolecules 

could ultimately lead to a number of human diseases such as inflammation, diabetes mellitus,  

atherosclerosis, cancer, and neurodegenerative disease102–108. Therefore, biomarkers of 

oxidative stress play an important role in understanding the pathogenesis and treatment of 

these diseases.  

Detecting ROS itself is a direct measure for identifying the presence of oxidative stress. ROS-

specific fluorescent indicators are available commercially. However, the use of these 

indicators requires administration of a foreign material to the physiological environment. 

Moreover, there are a number of concerning factors which might influence the measurement. 

These include its solubility in lipid versus aqueous environment, ability to cross biological 

membranes, sample preparation and required time for incubation, influences of 

physiological conditions like temperature and pH, and so on109. Instability of ROS molecules 

and further perturbation of biological systems by the current invasive ROS detection 

techniques make this a difficult task. Indirect techniques for detecting ROS utilize the more 

stable ROS oxidation products. These identify damage to biomolecules by ROS or quantify 

levels of antioxidants or redox molecules. A detailed account of the current techniques for 

ROS detection was described in Chapter 1, section 1.2. In this work, we show label-free 

detection of oxidative stress by fluorescence lifetime measurement of intrinsic fluorescent 

species using multiphoton fluorescence microscopy. These species with granular 

appearance co-localize with lipid droplets. We hypothesize that the identified species are 

products of lipid oxidation by ROS. A similar preliminary observation was reported 

previously in human embryonic stem cells58. The identified endogenous biomarker unfolds 

opportunities of performing non-invasive measurements of oxidative stress in vivo.  
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Multiphoton fluorescence microscopy (MPM) has been employed previously to perform 

label free fluorescence lifetime imaging (FLIM) of intrinsic fluorophores like reduced 

nicotinamide adenine dinucleotide (NADH), collagen, retinol, retinoic acid and 

melanin58,90,110. The main advantages of MPM are reduced phototoxicity and higher 

penetration depth, needed for in vivo measurements especially in tissue samples. 

Endogenous fluorophores enable non-invasive imaging of biological samples, minimizing the 

perturbation of normal physiological conditions. For example, autofluorescent metabolic 

coenzymes flavin adenine dinucleotide (FAD) and NADH are frequently employed as probes 

of metabolism for label-free imaging54,111. For analyzing the fluorescent decay in FLIM 

images, we employed the phasor approach. This method simplifies and speeds up the 

analysis as it works on the raw data without the need to perform a fit of the fluorescence 

decay at each point of an image82. Moreover, it does not require a priori knowledge of the 

fluorescence lifetime components in the imaged sample and gives instantaneous results. 

Details of the phasor method has been discussed it chapter 2. However, to recapitulate 

briefly, the data from each pixel of the image is subjected to a Fourier transformation to 

obtain the corresponding phasor as previously described58,82. In the phasor approach we can 

identify separate clusters of species with different lifetimes on the phasor plot, and map 

them back to the image to resolve the spatial location of these species.   

To validate the concurrence of lipid droplets with the identified oxidative stress biomarkers, 

we combined the FLIM approach with two coherent nonlinear microscopy techniques: third 

harmonic generation (THG) imaging microscopy and coherent anti-Stokes Raman scattering 

(CARS) microscopy. It is known that a strong THG signal is generated at the interface 

between media with difference in third order nonlinear susceptibility, refractive index and 
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dispersion. In particular it has been shown that the interface between a lipid droplet and its 

surrounding produces a strong THG contrast112. Hence, the technique can be employed to 

selectively identify lipid bodies in biological samples. CARS is another label-free technique 

used for imaging neutral lipid droplets. The contrast of the CARS signal in the lipid droplets 

arises from the Raman response of the abundant C-H bonds in lipid molecules113. Thus, laser 

scanning CARS microscopy is applied to visualize lipid droplets in cells and tissues. Both of 

these techniques have the advantage of being label-free and non-invasive while they can still 

be correlated to the results of FLIM imaging. 

To further investigate the chemical nature of the observed species, we performed classical 

Raman spectral analysis. Raman spectroscopy has the advantages of providing high 

molecular selectivity114, and non-invasiveness especially compared to techniques like mass 

spectroscopy. We employed a confocal Raman microscope where we could select specific 

locations on the biological sample, and acquire Raman spectra from these areas. For 

identifying lipids on our samples, we looked at the fingerprint region and the C-H stretching 

vibration region. Characteristic spectra of lipid droplets have previously been identified in 

these Raman bands115,116. 

In this work, we establish a non-invasive, label-free MPM method to identify biomarker of 

oxidative stress. We found the identified endogenous fluorescent species to have a 

characteristic fluorescence lifetime distribution on the phasor plot. MPM imaging provided 

high resolution imaging and by phasor analysis of FLIM, this biomarker could be easily 

identified in live cells and ex-vivo tissues and correlated to lipid droplet locations. We 

hypothesize that the fluorescent species is a product of lipid oxidation by ROS. We show co-
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localization of the spectroscopic signals to lipid droplets by combining FLIM with THG and 

CARS microscopy, techniques employed for selective lipid body imaging. Raman spectral 

analysis on the regions with this characteristic lifetime provided additional evidence of 

molecular vibrations arising from oxidized lipids. Finally, we show application of this 

technique in cancer. 

3.2 Materials and methods  

3.2.1 FLIM and THG instrument  

Fluorescence lifetime imaging measurements of HeLa cells were performed on Zeiss LSM 

710 microscope (Carl Zeiss, Jena, Germany) using a 40x water immersion objective, 1.2 N.A. 

(Carl Zeiss, Oberkochen, Germany). For the 2-Photon excitation laser source, 

Titanium:Sapphire MaiTai laser (Spectra-Physics, Mountain View, CA) was used with 

excitation at 740nm.  Image scan speed was 25.21 µs/pixel and image size is 256 × 256 pixels. 

For separating excitation from emission signal a dichroic at 690 nm was employed. The 

emission filter used was a bandpass 460/80 nm and photomultiplier tube (H7422P-40, 

Hamamatsu, Japan) was used for detection. FLIM data was acquired using A320 FastFLIM 

FLIMbox (ISS, Champaign, IL).  

FLIM and third harmonic generation imaging of tissue sample was acquired using a custom- 

built upright deep tissue imaging microscope. The operation principle has been discussed 

previously117. For FLIM measurements, tissue sample was excited at 740nm and emission 

filter employed was bandpass 405 - 590 nm. For THG, excitation of 1038nm was used and 

signal was collected with bandpass filter 320-390 nm. Both FLIM and THG signals were 

collected in transmission geometry on the same sample. 



36 
 

For FLIM and THG data acquisition and processing, the SimFCS software developed at the 

Laboratory of Fluorescence Dynamics (LFD, UC Irvine) was used.  

3.2.2 CARS instrument 

Coherent anti-Stokes Raman scattering (CARS) images were obtained by combining a 

1064nm, 76MHz mode-locked Nd:Vanadate laser (Picotrain, High-Q, Hohenems, Austria) 

and a 817nm beam tuned from a MIRA 900 (Coherent, Santa Clara, California). The two 

beams were overlapped both temporally and spatially, and sent into a laser scanner 

(Fluoview 300, Olympus, Center Valley, PA), attached to an inverted microscope (IX71, 

Olympus). The combined beams were then focused through a 20x 0.75 NA objective lens 

(UPlanSApo, Olympus) onto the sample. The CARS signal was collected through the 

transmission channel by a photomultiplier tube (Hamamatsu, Japan) after passing through 

a 625/50 filter. 

3.2.3 Raman spectroscopy 

Spontaneous Raman spectra from the lipid droplets present in the cells were acquired with 

a commercial Raman microscope (InVia Confocal; Renisahw, Wotton-under-Edge, 

Gloucestershire, UK). The excitation wavelength at 523nm was focused into the sample with 

a 50x objective, and the scattered light was sent into the spectrometer that contained a 2400 

l/mm grating. The autofluorescent lipid droplets are identified based on morphology. The 

Raman spectrum is then taken with 10s integration time, and the baseline was estimated by 

minimizing a non-quadratic cost function. 
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3.2.4 Adipose tissue 

White adipose tissue was obtained from 5 month old adult female mice. Approximately 3mm 

diameter portions of fat from perigonadal white adipose tissue, flank white adipose tissue 

and intracapsular brown adipose tissue depots were freshly excised from the mice and 

subsequently embedded in 1% low melt agarose in HBSS heated to 37˚C between coverslips 

separated by 0.2mm spacers. All images were acquired strictly within 1 hour of tissue 

extraction. All animal procedures were performed with strict adherence to NIH OLAW and 

institutional IACUC guidelines.  

3.2.5 HeLa cell culture and oleic acid treatment 

HeLa cells were grown in Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high 

glucose) supplemented with 10% Fetal Bovine Serum, and 1% penicillin streptomycin 

(100IU/ml) at 37⁰C in a 5% CO₂ incubator. For oleic acid treatment, the cells were cultured 

in 5% lipoprotein deficient serum, LPDS (Intracel, Frederick, Maryland) and 95% D-MEM for 

24 hours. Fatty acid free bovine serum albumin was prepared by dissolving BSA powder 

(Sigma-Aldrich, St. Louis, Missouri) in 5% LPDS media. 400µM oleic acid was prepared as a 

complex with BSA (OA/BSA) at molar ratio of 2:1. Cells were treated with OA/BSA complex 

overnight. For controls, three different dishes of HeLa cells were cultured in normal media 

and 5% LPDS media. For imaging, the cells were plated in glass bottom dishes (Matek 

Corporation, Ashland, Massachusetts). Prior to FLIM imaging, the oleic acid fed cells were 

washed with 1X Dulbecco’s Phosphate Buffered Saline, DPBS (Sigma-Aldrich). For CARS 

imaging, media was replaced with DPBS. 4% Paraformaldehyde (Sigma-Aldrich) solution 

was prepared to fix the cells for Raman spectroscopy measurements. 
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3.2.6 Solution preparation 

For pure free and protein bound NADH FLIM measurements, 2.5 µM NADH were diluted in 

10mM NaH2PO4*H2O at pH=7.4. For bound, it was mixed with 0.75U/ml Lactate 

dehydrogenase (LDH). For lifetime measurement of retinoid in bovine serum albumin (BSA), 

retinol (Sigma-Aldrich) was dissolved in dimethyl sulfoxide, DMSO (EMD Millipore, 

California) and added to BSA (Sigma-Aldrich) in buffer. 

3.2.7 Melanoma cells 

Melanoma cell line SkMel28 and normal melanocyte were obtained from Liu-Smith lab, Chao 

Family Comprehensive Cancer Center, University of California Irvine.  

3.2.8 Breast cancer cells 

MDA-MB-468 were maintained in DMEM (Sigma-Aldrich, D0422) supplemented with 10% 

dialyzed FBS (Gemini Bio-Products), 1.5 μM cyanocobalmin (vitamin B12), 4 mM L-

glutamine, 100 μM L-cysteine (Fisher Scientific), and 100 μM L-methionine (Sigma-Aldrich). 

In the case of methionine-free media, 370 μM DL-homocysteine (Sigma-Aldrich) or 370 μM 

DL-homocysteine-2H4 (13C Molecular, 12714-158) was added in the absence of methionine.   

Resistant cell lines were isolated as described in Hoffman, et al (1979). Briefly, MDA-MB- 468 

resistant clones were isolated after prolonged culturing in methionine-free media. The 

majority of MDA-MB-468 cells detach; however, resistant clones begin to appear after two 

weeks. Clones were isolated and proliferation rates were measured using CellTiter-Glo 

luminescent cell viability assay (Promega). 
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For FLIM, MDA-MB-468 and MDA-MB-468res-R8 cells were cultured in methionine or 

homocysteine media. To inhibit oxidative phosphorylation, cells were treated with 4 mM 

potassium cyanide (KCN) for 5 minutes before imaging. 

3.3 Results  

3.3.1 Identification of unique a long lifetime species in white adipose tissue by FLIM 

We performed fluorescence lifetime imaging (FLIM) measurements on freshly excised 

perigonadal white adipose tissue (WAT). We identified a long lifetime distribution cluster in 

the phasor plot shown in Fig 3.1 (a), encircled with red cursor, by phasor analysis of the 

acquired FLIM data. This phasor distribution of the long lifetime species (LLS) has a distinct 

position on the phasor plot separate from the NADH-FLIM signature, Fig 3.1(a), encircled 

with yellow cursor. The LLS and NADH FLIM phasor clusters are mapped back onto the 

intensity image, Fig 3.1(b). The tissue regions exhibiting the long lifetime component are 

colored red. These pixels correspond to the areas within the large lipid droplets present in 

the adipocytes. The NADH-FLIM cluster is chosen by the yellow cursor on the phasor plot, 

and this selection corresponds to regions surrounding the lipid droplet: adipocyte 

cytoplasm, nuclei, and the extracellular regions.  

To further ascertain that the pixels selected by the red cursor are associated to lipids, we 

performed THG imaging on the same region. We found a strong THG signal arising from the 

periphery of lipid droplets112 [Fig 3.1 (c)]. The LLS FLIM map overlaid on the THG image 

reveals the periphery of regions with long fluorescence lifetime have strong THG signal as 

shown in Fig 3.1(d) with regions of overlap in pink. This is consistent with our hypothesis   
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Fig 3.1 Unique fluorescence long lifetime signature (LLS) in white adipose tissue and correlation 
with THG image. (a) Phasor distribution of white adipose tissue excited at 740nm. The red 
circular cursor selects the long lifetime distribution cluster while yellow cursor chooses the 
NADH phasor distribution. (b) FLIM pseudo-color map with red and yellow regions 
corresponding to the two identified phasor clusters selected with red and yellow cursors 
respectively. Scale bar is 20µm. (c) THG intensity image with the sample excited at 1038nm. (d) 
composite image of LLS FLIM map and THG image. Pink areas are regions of overlap. (e) Phasor 
plots showing the corresponding phasor distributions of the ROIs. 
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that we are observing lipid droplet associated autofluorescence. Based on FLIM and THG 

results, we manually drew region of interests (ROI) in two different lipid droplets of the 

average fluorescence intensity image [Fig 3.1 (e)]. The phasor distribution associated to 

these ROIs [Fig 3.1 (f)] shows a unique lifetime that represents a fingerprint on the universal 

circle of the phasor (7.8ns).  

To verify presence of this LLS signal throughout the adipocytes, we acquired FLIM and THG 

of 25 z-slices at every 3µm of the visceral white adipose tissue from surface to a depth of 

72µm. Fig 3.2 shows the 3-D reconstruction of THG (cyan), LLS FLIM map (in red), and their 

overlap. Fig 3.2, bottom row shows the 3-D reconstruction beneath the surface of the tissue. 

To investigate the differences of the long lifetime species in visceral versus subcutaneous 

WAT, we performed FLIM on visceral fat depot (perigonadal WAT) and subcutaneous fat 

Fig 3.2 Simultaneous THG and FLIM in WAT reconstructed from 25 z – slices at every 3µM of the 
tissue. Top row shows 3D reconstructed THG signal (left panel in cyan), 3D FLIM map of long 
lifetime species (middle panel in red) and overlay of THG on LLS map 3D reconstruction (right 
panel) of white adipose tissue. Bottom row shows the THG, LLS FLIM map and their overlay from 
the same tissue sample reconstructed from below the top surface 
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depot (flank area) of the same animal. We also collected spectral emission data from the 

same tissue area and analyzed the emission characteristics using the spectral phasor 

approach method described previously93. Fig 3.3 shows the FLIM phasor and spectral phasor 

(discussed in Chapter 2) analysis in the field of view for the two kinds of WATs. Separate 

Fig 3.3 FLIM and spectral phasor distribution of visceral and subcutaneous white adipose tissue. 
(a) Top panel are fluorescence intensity images of visceral white adipose tissue with the ROI 
masks [Whole cell – NADH] (a i) and [NADH] (a ii). Middle panel are FLIM phasor distribution 
from the masks. a iii shows FLIM phasor distribution form mask in (a i) while (a iv) shows FLIM 
phasor distribution form mask in (a ii).  Bottom panels are spectral phasor distribution from the 
masks. (a v) shows FLIM phasor distribution from mask in (a i) and (a vi) shows FLIM phasor 
distribution from mask in (a ii). (b) Top panel are fluorescence intensity images of visceral white 
adipose tissue with the ROI masks [Whole cell – NADH] (b i) and [NADH] (b ii). Middle panel are 
FLIM phasor distribution from the masks. (b iii) shows FLIM phasor distribution from mask in (b 
i) while (b iv) shows FLIM phasor distribution from mask in (b ii).  Bottom panels are spectral 
phasor distribution from the masks. (b v) shows FLIM phasor distribution from mask in (b i) and 
(b vi) shows FLIM phasor distribution from mask in (b ii). 
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masks were applied manually to select the whole cell (Mask 1) and the region with NADH 

FLIM signature (Mask 2) within the selected cell. For generating Mask 2 we were guided by 

the FLIM phasor distribution where the decay of NADH can be distinguished. The Boolean 

XOR operation was performed between Mask 1 and Mask 2 to obtain the resulting Whole 

cell–NADH mask. The FLIM phasor distribution (Fig 3.3(a iii), visceral WAT and Fig 3.3(b iii), 

subcutaneous WAT) and the spectral distribution, Fig 3.3(a v), visceral WAT and Fig 3.3(b 

v), subcutaneous WAT) were mapped back onto the phasor plot after application of Whole 

cell–NADH mask on the imaged area. The FLIM phasor distribution (Fig 3.3(a iv), visceral 

WAT and Fig 3.3(b iv), subcutaneous WAT) and the spectral phasor distribution (Fig 3.3(a 

vi), visceral WAT and Fig 3.3(b vi), subcutaneous WAT) were mapped back onto the phasor 

plot, after application of the Whole cell–NADH mask. The spectral phasor method was 

employed together with lifetime measurements to determine the characteristic emission 

average spectrum of the areas that correspond to long lifetime species (LLS) and those with 

Fig 3.4 Phasor fingerprint. Phasor plot showing triangle formed by FLIM fingerprints of free 2.5 
µM NADH in solution, NADH bound to 0.75U/ml Lactate dehydrogenase (LDH) enzyme and unique 
LLS from lipid droplets in perigonadal WAT of female mouse. From the law of phasor addition, a 
system containing mixtures of these three species will fall within the triangle joining the three 
phasors 
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NADH FLIM signature. The spectral phasor distribution of the LLS was centered on 497.4 nm 

for visceral WAT and 496.2 nm for subcutaneous WAT. NADH spectral phasor distribution 

was centered at 487nm for both the WATs.  

3.3.2 FLIM phasor signature of long lifetime species 

In the phasor approach to FLIM, according to the vector law of phasor addition, if a pixel 

contains a mixture of two molecular species, the corresponding phasor will be distributed 

along a line joining the two pure species phasors82. Here we have a system of three molecular  

species, namely free NADH, protein bound NADH, and oxidized lipid associated fluorescent 

species (LLS). The line joining the free and protein bound NADH, which is from 0.4ns to 3.4ns 

in the phasor plot, has been previously named the  “metabolic trajectory”58,90 on the phasor 

plot. From Fig 3.1, the FLIM signature of pure LLS can be established to be 7.8ns. The phasor 

of a pixel in the image containing a mixture of the three species will lie inside the triangle 

whose vertices are formed by the phasors of the three pure species on the phasor plot (Fig 

3.4). For the NADH lifetime signature, FLIM of pure free NADH and NADH bound to lactate 

dehydrogenase was used to locate the extremes of the bound and free NADH trajectory. The 

distribution of LLS was obtained from the WAT in Fig 3.1. 

3.3.3 Long lifetime species in brown adipose tissue   

We further investigated FLIM signature from brown adipose tissue (BAT), the second type 

of fat present in the body.  These have functions complimentary to WAT. While WAT is  

specialized for storing energy in large lipid droplets, BAT has much smaller lipid droplets 

and functions to burn fat. Most importantly, it has been shown that ROS induced oxidative 
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stress associated with accumulated fat occurs in WAT whereas BAT burns excess fat as a 

protection against obesity. Simultaneous FLIM and THG of intracapsular BAT were acquired 

from the same animal as Fig 3.2. LLS phasor cluster is not highly prominent as that observed 

in WAT and is shifted towards the NADH FLIM phasor cluster, Fig 3.5 (a). Fig 3.5(c) shows 

the THG of 7 z-slices, 1µM apart through BAT. As expected, THG images revealed much 

smaller and larger quantity of lipid droplets in BAT compared to unilocular WAT cells. Since 

the brown adipocytes are smaller cells, we acquired images with smaller field of view 

Fig 3.5 FLIM and THG from 7 z-slices of intracapsular brown adipose tissue (BAT) at every 1µM 
of the tissue (a) Phasor distribution of BAT excited at 740nm. Blue line indicates metabolic 
trajectory (b) corresponding THG phasor plot of the BAT z-slices excited at 1038nm. (c) THG 
images of 7 z-slices, 1µM apart. (d) Corresponding fluorescence intensity images. (e) LLS FLIM 
map in red selected by red cursor in (a) overlaid on fluorescence intensity images thresholded to 
remove high intensity pixels. 
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compared to WAT of the same animal. Fig 3.5(e) shows the corresponding LLS FLIM map in 

red. 

3.3.4 Long lifetime species in HeLa cells treated with oleic acid 

For characterizing the biochemical origin of the LLS associated with lipid and oxidative 

stress, we treated HeLa cells with oleic acid to stimulate lipid droplet formation in the cells. 

Oleic acid supplementation often results in increased neutral lipid accumulation in form of 

lipid droplets 118,119. Additionally, it has been reported that oleic acid increases ROS 

generation and oxidative stress 120,121.  For control study, we cultured HeLa cells in normal 

media as well as lipoprotein deprived serum (LPDS) media, which are not expected to 

generate elevated numbers of lipid droplets or cause additional stress. In the FLIM phasor 

distribution of oleic acid fed HeLa cells, Fig 3.6 (a iii), we could identify populations with 

NADH (blue cursor) and LLS (red cursor) FLIM signatures. NADH phasor distribution in the 

imaged cell falls along the metabolic trajectory shown by a blue dotted line in Fig 3.6(a iii). 

Using the phasor approach to FLIM, we mapped these populations back to the image to 

visualize the regions of identified lifetime clusters in the phasor plot. The NADH phasor 

distribution cluster corresponds to the nucleus and cytoplasm of the cell Fig 3.6(a iv). The 

LLS phasor distribution falls along the line joining the center of NADH distribution and the 

pure LLS FLIM signature on the universal circle. This oxidative stress trajectory shown by a 

red dotted line in Fig 3.6(a iii) lies within the triangle formed by the phasors of free NADH, 

protein bound NADH, and LLS on the phasor plot, as shown in Fig 3.4. When mapped back 
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regions with long lifetime distribution, chosen by the red cursor, onto the image, these 

corresponds to the intracellular lipid droplets of the oleic acid treated HeLa cells, Fig 3.6(a 

v). A small percentage of control HeLa cells cultured in normal media also displayed the LLS 

Fig 3.6 Unique LLS FLIM signature and a new oxidative stress axis on phasor plot. FLIM of oleic 
acid fed HeLa cell. (a) i is the transmission image and a ii is the corresponding fluorescence 
intensity image with the sample excited with 740nm and emission collected using bandpass filter 
480/80 nm. a iii is the resulting phasor distribution from the sample with blue cursor selecting 
the NADH phasor distribution and red cursor choosing the LLS cluster. Blue dotted line is the 
metabolic trajectory while red dotted line is the oxidative stress axis. a iv is the NADH map where 
pixels with lifetime within the blue cursor in a iii are colored blue. a v is the LLS map where pixels 
with lifetime within the red cursor in a iii are colored red. (b) FLIM of HeLa cell in normal media 
but exhibiting LLS. bi is the transmission image while b ii is the corresponding fluorescence 
intensity image using same excitation and emission as a. b iii is the resulting phasor distribution 
from the sample. The blue and red cursors as well as the metabolic trajectory and the oxidative 
stress axis are kept at same positions as a iii. B iv is the corresponding NADH map while b v is the 
LLS map. 
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phasor distribution Fig 3.6(b). However, when the long lifetime species is present, it usually 

appears in lipid droplets near the cellular membrane 

In Fig 3.7 we show FLIM phasor distribution of the three groups of HeLa cells (oleic acid 

treated, normal media, and LPDS). For each group, FLIM analysis was performed on 12 areas. 

This included 55 oleic acid fed cells, 58 cells cultured in normal media, and 54 cells in LPDS 

media. Comparing the individual phasor distribution of the three groups, the LLS population 

along the oxidative stress axis is found to be markedly pronounced in the oleic acid fed group, 

while it is negligible in the control groups [Fig 3.7 (a)].  

For statistical analysis, the phasor distributions of all three groups were divided into two 

windows, NADH (blue square) and LLS (red square) as shown in Fig 3.7(b) inset.  We 

calculated the fraction of pixels in all the acquired images with phasors in the NADH window  

Fig 3.7 Increase in areas with LLS in oleic acid treated HeLa cells. (a) Top panel shows the phasor 
distribution of HeLa cells treated with 400uM oleic acid for 24 hours. Middle panel shows phasor 
distribution of HeLa cells in normal media. Bottom panel shows phasor distribution of HeLa cells 
in lipoprotein deficient serum, LPDS. Red dotted line shows the oxidative stress axis. (b) Inset 
panel shows binary division of the phasor distribution with LLS window (red square) selecting 
pixels with longer lifetime and NADH window (blue square) selecting the shorter lifetime 
distribution. Bar graph showing percentage of pixels within lifetime in the LLS window in the 
three groups 
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and the LLS window. These values were normalized to the total number of pixels with 

phasors in the two windows and converted into percentage. The percentage of pixels in the 

LLS window in the three groups are plotted in Fig 3.7 (b). The plot shows a 6-fold increase 

in the lipid droplet associated LLS in HeLa cells treated with oleic acid compared to the 

control cells in normal media and LPDS media. 

3.3.5 Use of label-free techniques to determine the origin of the autofluorescence signal 

To further elaborate on our hypothesis that the long lifetime component arises from oxidized 

lipid associated autofluorescence, we employed THG and CARS imaging along with FLIM of 

Fig 3.8 Sequential FLIM and THG imaging of oleic acid treated fixed HeLa cell. (a) Left panel is 
average fluorescence intensity image of treated HeLa cell excited at 740nm. Middle panel is the 
FLIM map of long lifetime phasor cluster selected by red cursor in the phasor plot (b). Right panel 
is the THG signal from the same sample excited at 1038nm. (b) FLIM phasor plot with red cursor 
selecting the long lifetime cluster. (c) THG phasor plot 
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oleic acid fed HeLA cells. Both these techniques offer additional contrasts for observing lipid 

structures. Fig 3.8 shows the results of simultaneous FLIM and THG imaging of oleic acid  

treated fixed HeLa cell. In the phasor plot we identified the LLS cluster along the oxidative 

stress axis red cursor in the phasor plot as shown in Fig 3.8 (b) and mapped them on the 

FLIM image (Fig 3.8 (a), middle panel). The area selected by the red cursor falls within the 

THG signal (Fig 3.8 (a), right panel) arising from lipid droplets.   

Further proof for the oxidized lipid origin of LLS was obtained from combined FLIM and 

CARS imaging. Once again we performed imaging on three groups of HeLa cells - oleic acid 

treated, LPDS, and normal media. Fig 3.9 shows one representative image from each group. 

The group treated with oleic acid had much stronger CARS signal revealing abundant and 

Fig 3.9 FLIM and CARS imaging of oleic acid treated HeLa cells. Top panel is fluorescence intensity 
image, LLS FLIM map in red and CARS image of oleic acid fed HeLa cells. Bottom panel is 
fluorescence intensity image, LLS FLIM map in red and CARS image of the control groups of HeLa 
cells in LPDS media (top row) and in normal media (bottom row). 
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larger lipid droplets compared to the other two groups. This also correlates with increased 

areas of oxidized lipid associated autofluorescence in the oleic acid fed group (Fig 3.9, middle  

column). However, it should be noted that not all lipid droplets, unveiled by CARS signal, 

exhibit the LLS signature.   

3.3.6 Chemical analysis by Raman spectroscopy 

For chemical characterization of the oxidized lipid associated species with autofluorescence 

signal, we obtained Raman spectra at regions of oleic acid loaded HeLa cells that displayed 

the unique LLS FLIM signature. In Fig 3.10(a ii), the lipid droplet from where Raman spectra 

were obtained has been indicated by a blue square. This region also had strong THG signal, 

Fig 3.10 Chemical characterization of LLS by Raman spectroscopy. (a) Fluorescence intensity 
image (a i) of fixed oleic acid fed HeLa cells. a ii is the LLS FLIM map in red. Dotted blue box 
encloses the lipid droplet with LLS signal from where the Raman spectrum was acquired. a iii is 
the THG image from the same area.  (b) Blue curve is the Raman spectra from the lipid droplet of 
interest (marked by a blue square in a ii). Black curve is the Raman spectra from 90% pure oleic 
acid. Red dotted box highlights the additional peak observed in the Raman spectra from biological 
sample which is not a feature of oleic acid 
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Fig 3.10(a iii. The blue curve in Fig 3.10(b) shows the Raman spectra of a lipid droplet in the 

fingerprint (1200-1800 cm-1) and the CH stretching (2700-3200 cm-1) regions. We also 

obtained Raman spectra of 90% pure oleic acid (Fig 3.10(b), black curve). The Raman spectra 

in the CH stretching regions acquired from the LLS containing lipid droplets show the typical 

vibrational bands of pure oleic acid. There is an additional peak in the fingerprint region at 

1746 cm-1, which is assigned to the C=O stretching mode of ester bonds. This bond is formed 

upon esterification of the fatty acid into neutral triglycerides, which constitute the major 

component of lipid droplets. For this analysis, Raman spectra were normalized by sections. 

The fingerprint band data was normalized to the 1646cm-1 Raman band, whereas the CH 

stretching band data was normalized to the 2850cm-1 Raman band. 

3.4 LLS as biomarker for oxidative stress in cancer 

3.4.1 Melanoma 

Melanoma, a neoplasm resulting from carcinogenic transformation of melanocyte, has been 

associated with excess amounts of ROS122,123. Melanosomes, the pigment producing 

structures of melanocytes also functions as a ROS scavenger which are produced in normal 

cell metabolism and exposure to ultraviolet radiation from sunlight124. However, in 

melanoma, the damaged melanosomes malfunction and generate ROS. Such high levels of 

ROS cause oxidative stress. Moreover, the free radical promote signaling cascades to protect 

the tumors cells from death.  
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FLIM-phasor of melanoma cell line SK-MEL-28 showed presence long lifetime cluster, Fig 

3.11(a). Mapping this phasor distribution selected by red circle revealed coincidence of LLS 

signal with the granules present in the dendritic extensions on the melanoma cells, shown  

in red in Fig 3.11 (b) lower panel. FLIM phasor of melanocytes also displayed some LLS 

lifetime cluster, Fig 3.11 (c) though not as prominent as melanoma cell line. It should be 

noted that the field of view of the melanocytes are larger, which might pull the LLS cluster 

towards NADH FLIM phasor cluster. The shorter lifetime tail (pointed by black arrow) in Fig 

3.11(c) is probably due to melanin which could be excited at 740nm110.  

  

Fig 3.11 LLS in melanoma. (a) FLIM phasor distribution of SK-MEL-28 melanoma cell line. Red 
cursor selects LLS phasor distribution. (b) Top row shows three different areas of fluorescence 
intensity images of melanoma cells excited at 740nm. Bottom row shows the corresponding LLS 
FLIM map in red selected by cursor in a. (c) FLIM phasor distribution of melanocytes. Red cursor 
in the same position as (a) selects LLS phasor distribution. Black arrow points to short lifetime 
tail of melanin phasor distribution. (d) Top row shows three different areas of fluorescence 
intensity images of melanoma cells excited at 740nm. Bottom row shows the corresponding LLS 
FLIM map in red selected by cursor in (c). 
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3.4.2 Breast cancer 

Methionine is an amino acid involved in protein biosynthesis. S-adenosyl methionine (SAM), 

a derivative of methionine, is a methyl donor and thus involved in methylation of proteins, 

lipid, DNA and RNA.  It is known that majority of cancer cells depend of methionine 

metabolism for proliferation. This has been referred to as "methionine dependence" or 

"methionine stress sensitivity"125,126. Interestingly this phenomenon is not observed in non-

cancer cells. Due to this, while non-cancer cells proliferate in growth media where 

methionine (Met+) is substituted by homocysteine (Met-Hcy+), which is its immediate 

metabolic precursor, methionine-stressed cancer cells stop proliferating. To investigate the 

metabolic changes associated with breast cancer cells cultured in Met-Hcy+ media, breast 

cancer cell line MDA-MB-468 and its methionine insensitive derivative cell line MDA-MB-

468res-R8 was used. One of the important observation of this project was the presence LLS 

FLIM signal in the breast cancer cells which increased with Met-Hcy+ media replacement. 

FLIM was performed on MB468 and MB468res-R8 cells cultured in Met-Hcy+ media over the 

course of 48 hours. Phasor analysis shows a distinct shift along the oxidative stress axis 

towards the long lifetime on the universal circle [Fig 3.12(a)]. The center of mass of the 

phasor distribution is strongly shifted towards LLS fingerprint after 48 hours compared to 

control, especially in case of MB468. The LLS signal appeared to correspond to granular 

structures in the cytoplasm of the cells [Fig 3.12 (b)]. For quantifying this shift, the fraction 

of pixel with LLS signal was calculated for each condition. In normal Met+ culturing 

conditions, the average fraction of LLS in MB468 cells is 7 and 22 % in MB468res-R8 cells 

(Fig. 3.13). Immediately after media switch to Met-Hcy+, the fraction of LLS increases in 

MB468 to 25 % at 30 min and continues to increase over time to an average of 36 % at 48 h.  
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Fig 3.12 Methionine stress induces an increase in oxidative stress in breast cancer cell line MDA-
MB-468 (MB468) and its methionine insensitive derivative cell line MDA-MB-468res-R8 
(MB468res-R8) in homocysteine media. (a) FLIM phasor distribution of MB468 (left column) and 
MB468res-R8 (right column) cells in methionine media (control) and homocysteine media over 
the course of 48 hours. (b) Fluorescence intensity image and corresponding LLS FLIM map in red 
of MB468 and MB468res-R8 cells cultured in homocysteine media for 48 hours. 
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In contrast, MB468res-R8 cells respond to the media shift with a 5 % average increase to 27 

% LLS after 48 h. It is interesting to note the higher level of oxidized lipids in MB468res-R8 

cells in Met+ as compared to MB468 cells and yet the striking increase observed in the 

MB468 cells over time in Met-Hcy+. This oxidative stress associated with Met-Hcy+ media is 

also supported by increasing levels of glutathione disulfide (GSSG) and a steep increase in 

Fig 3.13 A boxplot representing the fraction of pixels with the LLS FLIM signature in MB468 (a) 
and MB468res-R8 (b) in methionine media (control) and homocysteine media over the course of 
48 hours 
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reduced form of glutathione (GSH). GSH is an antioxidant which is oxidized to GSSG in the 

process of combating oxidative stress.  

Furthermore, FLIM-phasor analysis of NADH revealed 70 % of the MB468 and 64 % of the 

MB468res-R8 had higher free/bound NADH ratio when Met+ media was replaced with Met-

Hcy+ after 48 hours (Fig 3.14). This result indicates decrease in cellular respiration. Similar 

result was obtained when Met+ cultured cells where treated with mitochondrial inhibitor 

potassium cyanide (KCN) as shown in Fig 3.14. This down regulation of oxidative 

phosphorylation in Met-Hcy+ was corroborated by oxygen consumption rate (OCR) 

Fig 3.14 Homocysteine media induces a metabolic shift from oxidative phosphorylation to 
glycolysis. FLIM was performed on MB468 and MB468res-R8 cells cultured in Met+ or Met-Hcy+ 
for 48 hours with or without 4 mM and the NADH phasor distribution was divided into higher 
free/bound NADH (cyan) and lower free/bound NADH (grey) groups. Percentage of pixels in each 
group was calculated from images of each group and plotted. The black line indicates the average 
percentage of lower free/bound NADH ratios of MB468 (80%) and MB469res-R8 (79%) cells 
cultured in in Met+, KCN (-).   
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measurements with extracellular flux (XF) analyzer for mitochondrial function analysis as 

described in Chapter 1, section 1.2126.  

3.5 Discussion 

In this work we identified a fluorescent species with unique long lifetime properties (around 

7.8ns) which is distinct from the common NADH lifetime in cells (1-2ns).  We present results 

showing autofluorescent long lifetime species (LLS) linked to products of lipid oxidation by 

ROS, and hence potential biomarkers for oxidative stress.  Lipids, per se, are non-fluorescent, 

however, oxidized lipids can be127.  We found that most of the fluorescence arises from lipid 

droplets with granular structure. This long lifetime distribution found in cells represents a 

species different from free/bound NADH. In this work we grouped both nuclear and 

cytoplasmic NADH as a single distribution, although phasor analysis can separate NADH 

from the two sub cellular regions. To identify the source of fluorescence in the LLS, we 

performed FLIM imaging of freshly excised visceral and subcutaneous WAT from old female 

mice. We found the LLS phasor distribution from the adipocyte lipid droplets to fall on the 

universal circle at 7.8ns. This indicates the existence of a pure chemical species in the lipid 

droplet, as it is known that lifetime distribution of pure species with single exponential decay 

would lie on the universal circle82.  This also confirms the existence of a species separate 

from NADH in our sample. NADH distribution in biological samples generally falls on the 

metabolic trajectory, the line joining position of pure free NADH (0.4ns) and pure protein 

bound NADH (3.4 ns)58.  This metabolic trajectory and the LLS signature on the universal 

circle form a triangle on the phasor plot. From phasor algebra, a pixel in the image where 

LLS can coexist with the NADH distribution will have a position inside this triangle. Hence 
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using the phasor approach, it was possible to distinguish these separate populations and 

map them back to the images to reveal their spatial locations.  

To investigate the unique LLS in cells and their association with lipid droplets, we used HeLa 

cells fed with oleic acid to stimulate the formation of lipid droplets, and we observed the LLS 

signal arising precisely from the lipid droplets. In these samples, the linear combination of 

the long lifetime components due to oxidized lipids species and NADH autofluorescence give 

rise to a separate, easily identifiable cluster of phasors. This distribution cluster falls along 

the line joining the center of NADH distribution and LLS FLIM signature (7.8ns) on the 

universal circle. We propose this line as the new oxidative stress axis on the phasor plot. 

Mapping the lifetime phasors back onto the images, we observed the lipid droplet with LLS 

were present in the cytoplasm of the HeLa cells. In rare occasions the LLS were also observed 

in a few cells grown in normal media. Interestingly, these LLS containing lipid droplets were 

mostly localized towards the membrane of the cells. We explored the fluorescence emission 

characteristics of the LLS by employing spectral phasors93. By comparing FLIM phasor and 

spectral phasor analysis of both visceral and subcutaneous WAT, we found the regions with 

the LLS FLIM signature to have distinct emission spectral properties than NADH. The LLS 

spectral phasor distribution was centered on 497.4 nm for visceral WAT and 496.2 nm for 

subcutaneous WAT. These were separable from NADH spectral phasor distribution centered 

on 487nm for both tissues. 

To identify the cellular location of the intrinsic fluorescent species, we imaged tissue and 

cells using THG microscopy along with FLIM. THG signal arises from the interface between 

the lipid droplets and their surroundings thus revealing the spatial location of the droplets. 
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Coupling the two modalities of label-free imaging, we verified the co-localization of LLS 

within the lipid droplets of adipocytes in visceral WAT. A 3D reconstruction of FLIM and THG 

images through 72µm depth of visceral WAT exhibited LLS signal throughout the lipid 

droplets of the adipocytes surrounded by strong THG signal from the periphery of the 

droplets. This is where the FLIM and THG signals overlapped.  

We found less prominent LLS FLIM phasor cluster in brown adipose tissue excised from the 

same animal. This could be due to the presence of ROS induced oxidative stress associated 

with accumulated fat WAT, while BAT is known to burn excess fat to prevent obesity.  

 Additionally, to test the chemical origin of the fluorescence signal we performed FLIM on 

oleic acid fed HeLa cells followed by CARS imaging of the same cells. This was possible due 

to the label-free and non-invasive nature of both imaging techniques. CARS images revealed 

a large amount of lipid droplets in the samples, supporting the increase in LLS phasor 

distribution along the oxidative stress axis. These results once more substantiate our 

hypothesis of association of LLS with lipid oxidation products. Interestingly, not all lipid 

droplets detected both by CARS and THG have the autofluorescence long lifetime signature.  

Confocal Raman spectroscopy allowed non-invasive chemical analysis of our biological 

samples. We employed this technique to analyze the locations where the long lifetime 

components were detected. Fixed HeLa cells with oleic acid induced lipid droplet were 

imaged by FLIM, and Raman spectra were acquired subsequently from granules with LLS 

FLIM signature. The Raman spectra of the regions with LLS displayed the Raman signatures 

indicative of esterified oleic acid, characteristic from triglycerides in the lipid droplets115,116 

128,129. 



61 
 

Lipid droplet associated autofluorescence has been identified previously. These include 

lipofuscin granules and retinosomes. Lipofuscin granules are found in human retinal 

pigment epithelial (RPE) cells, fibroblasts and other types of cells and have also been 

reported as oxidative stress marker130,131.  Stringari et al reported existence of long lifetime 

species (about 8ns) in human embryonic stem cells and co-localized these lipid granules with 

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene(BODIPY493/503), 

which is a stain for neutral lipids58. They established that the autofluorescent species with 

long lifetime were not associated to lipofuscin, which has a much shorter lifetime132. This 

ascertains the LLS reported in this study are not related to lipofuscin. Retinosomes are lipid 

droplet containing retinol, retinoic acid, and retinol ester which are also sources of 

autofluorescence133,134. The lifetime fingerprint of retinoid and retinoic acid with fluorescent 

lifetime shorter than LSS has been shown to be in a different spatial location of the lifetime 

phasor plot compared to the lipid droplet associated LLS reported here90. Furthermore, 

retinol and retinoic acid have a very prominent Raman band in the 1590-1600cm-1 range 

that was not observed in our Raman spectra135.  

Even though MPM still has limited application in clinical settings, it improves penetration for 

deep tissue imaging and in vivo animal models. Furthermore, as shown in this work, we can 

apply this imaging technique to live cells and freshly excised tissue.   

ROS and oxidative stress are related to a myriad of pathological conditions including 

diabetes mellitus, obesity, inflammation, cancer, cardiovascular diseases, lung diseases and 

neurodegenerative diseases102–108 .  Its role in pathogenesis has made it an important 

candidate for research on disease development, diagnosis and treatment routes. Thus a 



62 
 

biomarker for oxidative stress m be used to elucidate pathways of disease development. 

Autofluorescence of oxidized lipid has the potential to be such a biomarker and in this work 

we show a unique detection approach by employing FLIM imaging.   

Furthermore, we show application of LLS-FLIM to detect oxidative stress associated with 

cancer. FLIM phasor revealed increased amounts of LLS phasor signature in melanoma cells 

compared to normal melanocytes. This can be expected as melanoma is essentially a ROS 

driven cancer. Proto-oncogene pathways in melanoma is activated when ROS inhibits 

phosphatase and tensin homolog (PTEN) phosphate activity. PTEN is a tumor suppressor 

and its inhibition by ROS initiates AKT (Protein kinase B) pathway often associated with 

cancer124. Some amount of LLS signal observed in normal melanocyte can be due to the fact 

that melanocytes have higher amounts of ROS in presence of melanin122. LLS signal was also 

observed in breast cancer which was elevated with ‘methionine stress’. 

The technique could unveil unprecedented opportunity for in vivo oxidative stress detection. 

The advantages of intrinsic fluorophore, especially for imaging in tissues, cannot be reached 

by external fluorescent dyes. The probe might not be equally distributed in the cellular 

location, or might not have reached deep within the tissue. This technique could possibly be 

further extended to detect oxidative stress in intact mice organs or to monitor stress as a 

function of time. Perhaps formation of the granules and subsequent expulsion could also be 

tracked to attain a better understanding of the cell’s reaction to stress.   

In conclusion, the long lifetime species FLIM signature of oxidized lipids detected using the 

phasor approach is a promising, non-invasive tool to detect oxidative stress in biological 

systems. As far as we know, this is the first time a label-free fluorescent technique has been 



63 
 

proposed for this purpose. As shown in this work, phasor analysis of FLIM allows an efficient 

way to uniquely identify, intrinsic, autofluorescent marker of oxidative stress in cell cultures 

as well as tissue samples.     
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3.6 Chapter summary 

Presence of reactive oxygen species (ROS) in excess of normal physiological level results in 

oxidative stress. This can lead to a range of pathological conditions including inflammation, 

diabetes mellitus, cancer, cardiovascular and neurodegenerative disease. Hence a probe for 

detecting oxidative stress would be of immense clinical importance. However, there is a 

dearth of non-destructive techniques to measure oxidative stress in vivo. In this chapter we 

present a spectroscopic method to identify oxidative stress in cells and tissues by 

fluorescence lifetime imaging. We identified this as fluorescent product of lipid oxidation by 

ROS. These species with a characteristic long lifetime (LLS) had granular structures and were 

correlated to lipid droplets in the biological sample being imaged. Recognition of this 

endogenous biomarker of oxidative stress enables label free imaging.  Unlike commercially 

available ROS-specific fluorescent indicators, this technique circumvents the requirement of 

administering any external substance into the biological system.  To corroborate our 

hypothesis that these species are products of lipid oxidation by ROS, we correlate the 

spectroscopic signals arising from lipid droplet by combining FLIM with third harmonic 

generation (THG) imaging microscopy and coherent anti-Stokes Raman scattering (CARS) 

microscopy which are established techniques for selective lipid body imaging. Further, we 

performed spontaneous Raman spectral analysis at single points of the sample which 

provided molecular vibration information characteristics of lipid droplets. Finally, we show 

application of this technique to measure oxidative stress associated with cancer. This label-

free, non-invasive FLIM-phasor method is a promising imaging technique for oxidative stress 

detection in biological systems.   
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Metabolism and oxidative stress in hiPS cardiomyocytes 

Chapter overview: In the previous chapter we established two-photon fluorescence lifetime 

imaging (FLIM) based technique to detect oxidative stress. In this chapter we combine the 

powerful label-free technique with metabolic imaging to assess human induced pluripotent 

stem cell-derived cardiomyocytes (hiPS-CM) and study their response to pathological 

stimuli.   

This work has been published in the following paper: 

Datta, R., Heylman, C., George, S. C. & Gratton, E. Label-free imaging of metabolism and 

oxidative stress in human induced pluripotent stem cell-derived cardiomyocytes. 

Biomedical Optics Express 7, 1690 (2016). 

4.1 Introduction 

Many drugs showing promise in preclinical trials fail during clinical development due to the 

emergence of cardiac side effects136–138.  The development of in vitro platforms that 

accurately mimic the biology of human cardiac cells provide a plausible model for high-

throughput drug screening to detect potential cardiotoxicity before wide spread human use.  

The emergence of human induced pluripotent stem cell technology has expanded the 

possibilities for sourcing human cardiomyocytes 139,140.  However, there is a need for non-

destructive techniques to visualize the biology and drug response of such in vitro human 

induced pluripotent stem cell-derived cardiomyocyte (hiPS-CM) models for drug screening. 
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Novel microscopy and analysis methods can serve as powerful tools to study and monitor 

the physiology of such systems. Indices of metabolism and oxidative stress are particularly 

relevant in cardiac pathologies and response to drugs141,142.  In this work, we employ two-

photon fluorescence lifetime imaging microscopy (FLIM) to assess the metabolic state and 

oxidative stress in hiPS-CMs. 

FLIM of endogenous fluorophores such as reduced Nicotinamide adenine dinucleotide 

(NADH), collagen, retinol, melanin, and flavins have been employed as convenient, intrinsic, 

label-free assessment of metabolism and other physiological functions of biological 

samples42,43,57. The advantage of this technique is its non-invasiveness. Use of intrinsic 

fluorophores circumvents administration of external fluorescent dyes, thus avoiding 

associated nonspecific binding, toxicity, and interference with the biochemical and 

physiological functions of the biological system being imaged.  

FLIM of autofluorescent NADH can serve as a tool to study metabolism due to the extreme 

sensitivity of fluorescence lifetime to molecular conformations and the fluorophore’s 

surrounding environment. Also, unlike intensity based imaging, lifetime measurements are 

independent of concentration. Hence, NADH FLIM is extensively employed as an endogenous 

biomarker for metabolic imaging 42,43,57,58,99,143–145. The reduced form of NADH is produced 

during glycolysis and Krebs cycle. During oxidative phosphorylation, it is oxidized to NAD+ 

by donating electrons to the electron transport chain, which are ultimately accepted by 

oxygen42,43. In the case of anaerobic glycolysis, NAD+ is converted to NADH and oxidative 

phosphorylation is diminished.  This decreases the oxidation of NADH, resulting in an overall 

increase of free (not bound to protein) NADH.  Thus, the reduction-oxidation pair 
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NADH:NAD+ serves as an indicator of balance between oxidative phosphorylation and 

glycolysis. Bird, et al. demonstrated a correlation between the redox ratio NADH:NAD+ and 

the ratio of free to protein bound NADH, which is advantageous in fluorescent based 

technique because unlike NADH, NAD+ is not fluorescent146.  

Owing to self-quenching, the fluorescence lifetime of NADH in the free state is significantly 

lower (~0.4ns) compared to protein bound NADH. For example, the lifetime of NADH bound 

to lactate dehydrogenase (LDH) is 3.4ns9. Hence, FLIM can easily differentiate between free 

and protein bound forms of NADH. In this work, we exploit these properties to assess 

metabolic activity of hiPS-CMs by FLIM of NADH. NADH was excited at two-photon excitation 

(TPE) of 740nm and fluorescence signal was collected between 420 – 500 nm.  We used the 

phasor analysis of FLIM to create a map of free/bound NADH82. The phasor approach to FLIM 

for metabolic imaging has been previously applied for various studies, including cancer 

metabolism and metabolic shifts associated with stem cell differentiation58,99. This method 

simplifies the analysis of FLIM data, eliminating the requirement for fitting the fluorescence 

decay at each pixel. The technique has been described in details in Chapter 2. Briefly, data 

from each pixel are Fourier transformed to obtain the corresponding phasor and the 2-D 

histogram of the phasor is plotted on the phasor plot. This allows analysis of different 

lifetime phasor clusters which can be can be mapped back onto the image to create the FLIM 

map. 

Here we employed NADH phasor-FLIM to detect the metabolic response of hiPS-CM to 

hypoxia. An uninterrupted oxygen supply is essential for cardiac tissue to meet the high 

metabolic demands and a lack of oxygen can have deleterious effects, leading to numerous 
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pathological conditions. This has led to a growing interest in the effect of hypoxia147–149. 

Using the phasor approach to FLIM, along with metabolic shifts, we also identified an 

increase in a long lifetime species (LLS) with characteristic clustering in the lifetime phasor 

plot. Recently, we showed correlation of LLS to products of lipid oxidation formed by reactive 

oxygen species (ROS) using techniques like third harmonic generation (THG) imaging 

microscopy, coherent anti-Stokes Raman scattering (CARS) microscopy, and Raman 

spectroscopy9. To correlate the observed LLS to lipid droplets in hiPS-CMs, we 

performed stimulated Raman scattering (SRS) imaging microscopy. CH2 stretching 

vibrations, which are abundant in fatty acid chains, are easily excited and detected by SRS 

microscopy making it a useful technique to identify lipid bodies150. The LLS species were also 

detected by FLIM in hiPS-CMs treated with the anti-cancer drug cis-Diammineplatinum(II) 

dichloride (cisplatin) and the antiviral compound 3′-Azido-3′-deoxythymidine (AZT), both 

of which are known to produce oxidative stress and cardiotoxicity151,152 . 

This study describes the use of a potentially powerful, non-invasive, label-free optical 

imaging technique for assessing the metabolic status and oxidative stress in cardiomyocytes.  

We demonstrate the sensitivity of this imaging technique to detect shifts in hiPS-CM 

metabolism and the generation of LLS in response to stimuli known to induce such effects 

like hypoxia and cardiotoxic drugs. 
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4.2 Materials and methods 

4.2.1 Instrumentation 

FLIM was performed on a Zeiss LSM 710 microscope (Carl Zeiss, Jena, Germany) using a 40x, 

1.2 N.A. water immersion objective, (Carl Zeiss, Oberkochen, Germany) coupled to an 80MHz 

multiphoton excitation laser source, Titanium:Sapphire MaiTai laser (Spectra-Physics, 

Mountain View, CA). 2PE (2 photon excitation) excitation of NADH and LLS was carried out 

at 740nm.  Image scan speed was 25.21 µs/pixel with an image size of 256 × 256 pixels. A 

dichroic at 690 nm was employed to separate excitation from emission signal. A bandpass 

emission filter 460/80nm (Semrock, Rochester, NY) coupled to a photomultiplier tube 

(H7422P-40, Hamamatsu, Japan) was used as the microscope external detector port photo-

sensor unit. FLIM data was acquired using A320 FastFLIM FLIMbox (ISS, Champaign, IL). For 

each image, 60 - 70 frames were collected and integrated for FLIM analysis. SimFCS software 

(LFD, Irvine) was used for frequency domain FLIM data acquisition. For calibrating the FLIM 

system, Rhodamine 110 with known lifetime of 4ns was measured for every experiment. All 

the (g, s) coordinate system used to mention phasor cursor coordinates in this article used 

the first harmonic phasor plots at 80Mhz (repetition rate of the laser).    

Confocal imaging of ROS indicator CellROX was performed on the same Zeiss LSM 710 

microscope (Carl Zeiss, Jena, Germany) and with an excitation of 633nm. Fluorescence signal 

was collected in the range 640-740 nm. The laser excitation power and detector gain was 

kept constant for all measurements. 
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Stimulated Raman scattering (SRS) signals were obtained as previously described here153. 

Briefly, a Stokes beam fixed at ∼9400 cm−1 and a pump beam tuned to the wavelength of 

interest (2800 – 3050 cm-1) were overlapped both temporally and spatially and sent into a 

laser scanner (Fluoview 300, Olympus, Center Valley, Pennsylvania), attached to an inverted 

microscope (IX71, Olympus). The combined beams were then focused through a 20×, 0.75 

NA objective lens (UplanS Apo, Olympus) onto the sample. SRS images were obtained by 

detecting the stimulated Raman loss of the pump beam with a photodiode (FDS1010; 

Thorlabs, Newton, New Jersey). The average combined power of Stokes and pump beams at 

the specimen was kept under 50 mW throughout this study to minimize sample 

photodamage.  

4.2.2 hiPS-CM differentiation and culture 

hiPS-CMs were differentiated from the wtc11 line of human induced pluripotent stem (hiPS) 

cells generously donated by Dr. Bruce Conklin 154. hiPS cells were differentiated into 

cardiomyocyte like cells following previously established protocol which entails culture in 

Roswell Park Memorial Institute (RPMI) medium (Life Technologies, 22400–071) 

supplemented with B-27 without insulin (Life Technologies, A1895601) 155. The protocol 

includes supplementing media with 12 μM CHIR99021 (Selleckchem, S2924) for 24 hours 

after which it is removed on day 0. Media is supplemented with 5 μM IWP2 (Tocris, 3533) 

on day 3 which is then removed on day 5. On day 7, the media is supplemented with insulin, 

and after that day the cells were fed RPMI/B-27 (+) insulin (Life Technologies, 17504–044) 

every 2–3 days for the duration of the experiment. Approximately between days 12–15, the 

cells started beating spontaneously. hiPS-CM drug exposure and measurements were 
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performed on days 22-30. Cells were qualitatively confirmed to be beating throughout 

differentiation and culture (including post-hypoxia exposure and post-drug exposure) 

4.2.3 Cyanide treatment 

KCN (Sigma, St. Louis, MO) in phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO) 

was added to the cell culture media to reach a final concentration of 4mM. FLIM was 

performed on the cells before the treatment and the same cells were imaged 2-3 mins after 

addition. During FLIM measurement temperature of 37º C and 5% CO2 was maintained. 

4.2.4 Hypoxia exposure 

For hypoxia, the cells were exposed to a gas mixture (1% O2, 5% CO2, 94% N2) in a hypoxic 

microchamber (Stem Cell Technologies, Vancouver, BC, Canada) and were incubated at 37º 

C for either 24 or 48 hours. During FLIM imaging, the cells where quickly transferred to the 

microscope stage incubation chamber which was flooded with the same gas mixture. A 

temperature of 37º C was maintained throughout the imaging.  

4.2.5 Drug treatments 

AZT (Sigma-Aldrich, St. Louis, MO) in nanopore filtered water was added to the hiPS-CMs 

culture media to reach a final concentration of 50µM. Cisplatin (Sigma-Aldrich, St. Louis, MO) 

was added to media, also to a final concentration of 50µM. Temperature of 37º C and 5% CO2 

was maintained during imaging. 

  



72 
 

4.2.6 In vivo staining 

To assess the concentration of reactive oxygen species (ROS), hiPS-CMs were stained with 

ROS indicator, CellROX Deep Red (ThermoFisher Scientific, Waltham, MA), at a final 

concentration of 5uM after treatment (cisplatin, AZT, or control).  Cultures were incubated 

with CellROX for 30 min at 37º C, then washed 3X with PBS, and imaged immediately. 

4.2.7 Data analysis 

All the FLIM data was analyzed using SimFCS software developed at the Laboratory for 

Fluorescence Dynamics (LFD, UC Irvine). For statistical analysis in section 2.2, the Student’s 

t-test was used to determine the significance and considered positive for p < 0.05. In section 

2.3, statistical significance was determined by an ANOVA with post-hoc Bonferroni 

correction using MATLAB software.  

4.3 Results 

4.3.1 Detection of metabolic shift in response to cyanide 

Cyanide is known to block the electron transport chain by inhibiting cytochrome oxidase 

function156. This reduces NADH oxidation causing an increase in the redox ratio, 

NADH/NAD+. An increase in NADH fluorescence has been reported in cardiomyocytes 

treated with cyanide157. To test the sensitivity of the FLIM-phasor technique to detect 

metabolic shifts in hiPS-CMs, we performed NADH FLIM of hiPS-CM treated with 4mM 

potassium cyanide (KCN). Fig. 4.1(a) shows the phasor distribution of hiPS-CMs before and 

after treatment with KCN. The phasor distributions lie along the metabolic trajectory (blue 
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line) extending between the phasor fingerprint of free NADH (0.4ns) and protein (LDH) 

bound NADH (3.4ns).  For all the phasor plots in figure 1, the experimental points lie along 

the line from the point at 3.4ns to the point at 0.4ns, on the universal circle.  According to the 

law of linear combination of phasors, the two points on the universal circle are the 

Fig 4.1 FLIM detects shift of metabolism to glycolysis when subjected to potassium cyanide (KCN). 
(a) Lifetime phasor distribution of untreated (left panel) and 4mM KCN treated (right panel) hiPS-
CMs. Black circles show phasor fingerprint of pure free NADH in solution (0.4ns) and protein 
lactate dehydrogenase bound NADH, ‘LDH-bound NADH’ (3.4ns). Blue line indicates the 
metabolic trajectory on phasor plot. (b) Fluorescence intensity image (left panel) of two hiPS-CMs 
(cell 1 and cell 2) before (top row) and after (bottom row) treatment with 4mM KCN excited at 
740nm. Middle panel shows the NADH FLIM map of cell 1 and cell 2 before (top row) and after 
(bottom row). Right panel shows the total phasor distribution of the treated and untreated cells. 
The color scale white/yellow to red/pink represents linear increase of free to protein bound 
NADH ratio. To create the NADH FLIM map, this color scale was applied from point A to B of the 
phasor distribution, dividing it into 32 levels. 
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extrapolated single lifetime components for the bound and free NADH forms, respectively.  

The phasor distribution of the treated cells is shifted towards the position of free NADH, 

indicating a higher free/bound NADH ratio. Fig. 4.1(b) shows the total phasor distributions 

of two hiPS-CMs before and after treatment. The linear decrease in free/bound ratio of NADH 

Fig 4.2 Shift in metabolism for 24 hours of hypoxia (a) Fluorescence intensity image (left panel) 
of clusters of hiPS-CMs under normal 20% oxygen condition (Area 1 and Area 2) and hiPS-CM 
under hypoxia, 1% oxygen (Area 3 and Area 4). Left panel shows the corresponding NADH FLIM. 
The color scale white/yellow to red/pink represents linear increase of free to protein bound 
NADH ratio between position ‘A’ and ‘B’ shown on the phasor plot (bottom panel). (b) 
Quantitative representation of the fraction of pixels with phasors within the ‘low free/bound 
NADH’ (pink) window and the ‘high free/bound NADH’ (cyan) window (top panel) The windows 
divide the NADH phasor distribution equally at the center of mass of the NADH phasor 
distribution of the control cells (normoxia). For the statistical analysis, phasor distribution is 
obtained from 3 three different regions of hiPS-CM clusters about 10 cells each for the two oxygen 
conditions. The error bars show the standard deviation calculated over average value obtained 
from each image. 
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has been pseudocolored from white/yellow to red/pink and mapped on the corresponding 

fluorescence intensity images to create the NADH FLIM map as shown in Fig 4.1(b). The 

color-scale extends between positions ‘A’ and ‘B’ [Fig. 4.1(b)] which represents two extreme 

positions of the NADH phasor distribution, i.e., phasors with lowest free/bound NADH ratio 

and highest free/bound NADH ratio from these particular samples. The cells after KCN 

treatment display yellow-cyan colors in comparison to the pink-red color map before, 

consistent with an increase in free/bound NADH ratio after treatment. The NADH phasor 

shift towards position of free NADH fingerprint establishes the sensitivity of the system to 

detect shifts in the free/bound NADH ratio and thus metabolic changes in cardiomyocytes.  

4.3.2 FLIM detects metabolic response to hypoxia 

In hypoxic conditions, cells switch to anaerobic glycolysis for energy production. Using the 

FLIM-phasor technique, we imaged this alteration of cardiac metabolism by subjecting 

clusters of hiPS-CMs to hypoxia. Fig. 4.2 shows NADH FLIM map of hiPS-CM clusters exposed 

to normoxia (20% oxygen, normal room oxygen concentration) and hypoxia (1% oxygen) 

for 24 hours. These oxygen conditions were maintained during FLIM imaging. Fig. 4.2(a) 

shows the fluorescence intensity and pseudocolored NADH FLIM map of hiPS-CM clusters 

maintained for 24 hours in normoxia (Area 1 and Area 2) and hypoxia (Area 3 and Area 4). 

The NADH FLIM map shows distinct difference between hiPS-CM clusters in normoxia and 

hypoxia with higher free/bound NADH ratio in the latter condition, clearly indicating the 

glycolytic switch. Fig. 4.2(a) bottom panel shows the corresponding phasor distribution and 

the positions (A’ and B’) between which the color scale was applied to divide the phasor 

distribution into 32 levels. Fig. 4.2(b) top panel shows phasor distribution of three different 
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regions of hiPS-CM clusters of about 10 cells each for normoxia and hypoxia. For quantitative 

analysis, the NADH lifetime phasor distribution was divided into two windows: ‘high 

free/bound NADH’ (cyan square, center = (0.54, 0.33), side = 0.14) representing higher 

free/bound NADH ratio while ‘low free/bound NADH’ (pink square, center = (0.398, 0.33), 

side = 0.14) representing lower free/bound NADH ratio.  The windows divide the NADH 

phasor distribution at the center of mass of the NADH distribution of the control (normoxia) 

condition such that each window enclosed 50% of the points.  The fraction of pixels in all the 

acquired images whose corresponding phasor lies within each window was calculated and 

plotted [Fig. 4.2(b)]. Comparing the two oxygen conditions, we found the increase of pixel 

percentage in the ‘high free/bound NADH’ window and decrease in the ‘low free/bound 

NADH’ wind ow in hypoxia to be statistically significant. 

4.3.3 LLS produced in hypoxia indicating oxidative stress 

Interestingly, the phasor analysis of the hiPS-CMs in hypoxia when compared to cells 

subjected to equal duration of normoxia shows presence of long lifetime species (LLS) with 

characteristic lifetime phasor fingerprint. LLS is indicative of oxidative stress, as previously 

described9.  Fig. 4.3(a) shows hiPS-CMs in normoxia, 24 hours hypoxia, and 48 hours 

hypoxia. LLS FLIM map (in red) has been created by the LLS window on the phasor plot [Fig. 

4.3(b)], which selects phasors with the characteristic LLS lifetime. These areas have granular 

appearance like lipid droplets similar to the previous observation9. Fig. 4.3(a) bottom row 

shows the corresponding individual phasor distribution. In comparison to normoxia, the 

long lifetime tail of the phasor distribution moves along the oxidative stress axis shown as 
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red dotted line in Fig 4.2(b), towards pure LLS fingerprint on the universal curve (7.8ns) in 

the hypoxic condition9.  

Fig. 4.3(b) top panel is phasor distribution of three different regions of hiPS-CM clusters of 

about 10 cells each for the four conditions: 24 hours normoxia, 24 hours hypoxia, 48 hours 

Fig 4.3 Significant increase in long lifetime species (LLS) with hypoxia. (a) Top row panels shows 
fluorescent intensity image of hiPS-CM clusters under normoxia, 24 hours hypoxia, 48 hours 
hypoxia.  Middle row panels show LLS FLIM map (in red) created by the LLS window in (b) top 
panel. Bottom row shows the corresponding individual phasor plots. (b) Top panel is the phasor 
distribution of 3 three different regions of of hiPS-CM clusters about 10 cells each for normoxia, 
24 hours hypoxia, 48 hours hypoxia conditions. Gray dotted window selects the total NADH 
distribution which covers the total area within pink and cyan windows of Fig 2 (b). LLS window 
(red square) selects the LLS phasor distribution.  Red dotted arrow indicated the oxidative stress 
axis. Bottom panel shows quantitative representation of the percentage pixels with lifetime 
phasors within the ‘Total NADH’ window (gray dotted rectangle) and LLS phasor window (red 
square) of hiPS-CMS under normoxia, 24 hours hypoxia, and 48 hours hypoxia. The error bars 
show the standard deviation calculated over average value obtained from each image. Statistical 
significance was computed by ANOVA test with Bonferroni correction. 
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normoxia and 48 hours hypoxia. For further quantitative analysis, the phasor distribution 

was divided into ‘LLS’ window: red square, center (0.151, 0.243), size = 0.14 and ‘total NADH’ 

window: gray dotted rectangle, center (0.468, 0.33), size (∆g = 0.28, ∆s = 0.14).  The position 

of the ‘LLS’ window was determined by the center of mass of the LLS phasor distribution. 

The ‘total NADH’ window corresponds to the position of pink and cyan windows in Fig 4.2(b). 

Fig. 4.3(b) shows the normalized percentage of pixels in each phasor window for 24 and 48 

hours hypoxia and the 24 and 48 hours normoxia controls. An ANOVA with post-hoc  

Bonferroni correction indicates a significant increase in LLS for cells exposed to 48 hours 

hypoxia, in comparison to normoxia controls as well as 24 hours hypoxia [Fig. 4.3(b)]. 

Though the granular areas had the characteristic long lifetime fingerprint on the phasor plot, 

we confirmed the association with lipids by performing hyperspectral SRS imaging that 

covers the CH stretching Raman band (2800 - 3050 cm-1) on the hiPS-CM clusters exposed 

to 48 hour hypoxia. In the SRS hyperspectral images, the strongest signal was observed at 

Fig 4.4 Hyperspectral stimulated Raman scattering (SRS) scan covering the CH stretching Raman 
band (2800 - 3050 cm-1) confirms association to lipid droplets. (a) SRS image at 2845cm-1 (CH2 
symmetric stretching) characteristic of lipids. (b) Result of 3 endmember vertex component 
analysis (VCA). The red and blue show the normalized spectra of the 2 major endmembers 
retrieved. (c) Pseudo-colored VCA image of the SRS hyperspectral scan. The red spectrum is 
characteristic of lipids. It co-localizes with the lipid droplets observed in (a). The blue spectra 
have the features of the protein matrix that fills the cellular cytoplasm. 
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2845 cm-1 (CH2 symmetric stretching Raman mode, characteristic of aliphatic components). 

Fig. 4.4(a) is the SRS scan at 2845 cm-1 showing intense signal from lipid droplet-like 

granular structures.  Hyperspectral SRS spectra were analyzed using vertex component 

analysis (VCA) with 3 end members as has been previously described153. Fig. 4.4(b) shows 

the two major spectra retrieved from the VCA analysis (shown in red and blue). The third 

end member spectrum corresponds to background and has not been shown here. Each 

spectrum shown in Fig. 4.4(b) has been normalized to its maximum. Fig. 4.4(c) is the pseudo-

colored VCA image where the colors describe the chemical content of each pixel. The red 

areas in Fig. 4.4(c) associate with the spectrum in red in Fig. 4.4(b), which is characteristic 

of lipids153. These areas match very well with the granular areas observed Fig. 4.4(a), thus 

consistent with lipid droplets.  The blue areas in Fig. 4.4(c) exhibited spectra typical of 

cellular protein, represented by the blue curve in Fig. 4.4(b). 

4.3.4 Cardiotoxic drugs produce LLS 

To further substantiate the sensitivity of the FLIM-phasor technique to detect oxidative 

stress in the cardiomyocyte, we treated hiPS-CMs with two known cardiotoxic drugs, AZT 

and cisplatin. FLIM was performed along with simultaneous ROS imaging using the ROS 

sensitive fluorescent dye, CellROX. Fig. 4.5(a) shows the LLS FLIM map (in red) created by 

the LLS window (red square, center (0.217, 0.236), side = 0.28) on the phasor plot (middle 

panel). Again, the position of the LLS window was determined by the center of mass of the 

LLS phasor distribution. Larger numbers of lipid droplets with LLS signal were observed in 

the FLIM maps of the treated cells [Fig. 4.5(a)]. For quantitative analysis, the normalized 

percentage of pixels in each image with phasor in the LLS window was calculated [Fig. 4.5(a)] 
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bottom panel. Fig. 4.5 (b) shows confocal ROS images of control, AZT treated and cisplatin 

treated cells. Corresponding intensity histograms of the confocal images show more intense 

CellROX signal in the cells treated with AZT and cisplatin compared to the controls which did 

not receive any treatment. 

4.4 Discussion 

In this work, we demonstrate how FLIM imaging can be used to characterize the metabolic 

state and oxidative stress in hiPS-CMs using phasor analysis of endogenous biomarkers. Our 

results demonstrate the potential of this technique to detect drug-induced stress and 

Fig 4.5 LLS produced by cardiotoxic drugs 3′-Azido-3′-deoxythymidine (AZT) and cis-
Diamineplatinum(II) dichloride (cisplatin). (a) Top panel shows LLF FLIM map (in red) of hiPS-
CM clusters (control, AZT treated and Cisplatin treated). The FLIM map is generated by the LLS 
window (red square) selecting the characteristic longlifetime on as shown on phasor plot (middle 
panel). Bottom panel shows the percentage pixels for control, AZT treated and cisplatin treated 
cells with lifetime phasors within the LLS phasor window. The scale bars are 20µm. (b) Top panel 
shows confocal image (control, AZT treated and cisplatin treated cells) of ROS indicator CellROX 
, excited at 633nm and signal collected within 640-740 nm. The scale bars are 200µm. Bottom 
panel shows the corresponding image intensity histogram. 
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pathological conditions in hiPS-CMs. We performed NADH FLIM of hiPS-CM treated with 

KCN, a known poison of mitochondria. Comparing the NADH FLIM phasor of the same cells 

before and after the treatment, we observe a large shift towards the free NADH fingerprint 

on the phasor plot, indicating a rise in the free/bound NADH ratio. This correlates with the 

decrease in oxidative phosphorylation which occurs in the mitochondria. The result shows 

the capability of the FLIM-phasor technique to detect metabolic changes in hiPS-CMs. 

Lack of sufficient oxygen supply to cardiac tissue leads to pathophysiological conditions 

which might cause cardiac damage158. In the electron transport chain, oxygen is the terminal 

electron acceptor and its deprivation inhibits oxidative phosphorylation.  Hence, hypoxia 

induces alteration of metabolic functions. Cells tend to depend on anaerobic glycolysis for 

production of ATP.  This metabolic switch can be observed in our results.  NADH FLIM-

phasor analysis of hiPS-CMs subjected to 24 hours hypoxia (1% oxygen) had higher 

free/bound NADH ratio indicative of glycolysis as compared to the control cells in normoxia. 

The direction of this shift follows the same trend as observed in response to KCN treatment, 

although the shift is greater in the latter condition due to the cyanide poisoning by high 

concentration of KCN. Such increase in free fraction of NADH compared to its bound form 

upon hypoxia was reported in NADH fluorescence anisotropy studies in brain slices159.  

Another significant observation of FLIM-phasor analysis of hypoxic hiPS-CMs was the 

presence of LLS in the form of lipid droplets, which we had previously identified as a 

biomarker of oxidative stress9.  This indicates the presence of lipid oxidation by ROS in 

hypoxic conditions. Interestingly, the amount of LLS increased significantly with 48 hours of 

hypoxia exposure when compared to 24 and 48 hours normoxia and 24 hours hypoxia. 
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Furthermore, oxidative stress could be injurious to cells ultimately leading to cell death by 

apoptosis or necrosis 160. Hence in the 48 hours hypoxia condition, there could be certain 

degree of cell death causing a loss in metabolism. SRS imaging corroborates the presence of 

lipid droplets in the cells exposed to 48 hours hypoxia. According to a study by Duranteau et. 

al. 147 on cardiomyocytes exposed to hypoxia, ROS is generated by the mitochondria which 

plays the role of oxygen sensor. They hypothesized that in cardiomyocytes, with decrease in 

oxygen concentration, this ROS signaling elicits adaptive responses like reduced contractile 

activity and suppressed oxygen consumption. They used an exogenous ROS sensitive dye to 

show an increase in ROS with a decrease in oxygen concentration which correlates with our 

observation. Several studies have also attributed generation of ROS during hypoxia or brief 

periods of ischemia as trigger for cardioprotective preconditioning148,161. The stress 

response initiated by ROS would lead to better adaptation to subsequent prolonged episodes 

of ischemia and increased chance of survival.  

Oxidative stress by ROS was further detected by LLS generation in hiPS-CM treated with 

known cardiotoxic drugs. LLS were observed in FLIM-phasor analysis of hiPS-CM treated 

with antiviral drug AZT.  Anti-cancer drug cisplatin is often used in ovarian, testicular, 

gastrointestinal cancer 152 . However, it has been shown to produce oxidative stress and 

cardiotoxicity. Our results show an increase in LLS in hiPS-CM with cisplatin treatment.  In 

the imaged areas, quantitative analysis shows a 5-fold and 8-fold increase of LLS signal in 

AZT treated and cisplatin treated cells respectively. Simultaneous confocal ROS imaging 

employing CellROX dye confirmed the increase in ROS in the treated cells. 
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In conclusion, our results demonstrate that FLIM-phasor is a robust technique for assessing 

and indexing features of cardiac metabolism and ROS-induced oxidative stress. This method 

could prove beneficial for drug development and screening studies, especially for in vitro 

cardiac models derived from stem cell-derived cardiomyocytes. Furthermore, these indices 

play a major role in the pathogenesis of a myriad of cardiovascular diseases including 

atherosclerosis, ischemic heart disease, and heart failure. Use of endogenous fluorophores 

as intrinsic biomarkers of metabolism and oxidative stress makes this technique label-free, 

creating the possibility of in vivo measurements. Additionally, cardiac systems can be 

monitored over time. Thus, this non-destructive technique will find potential application in 

in vitro cardiac models in drug discovery and safety screening, especially unanticipated 

cardiotoxic effects of anti-cancer drugs as well as understanding the pathogenesis of cardiac 

diseases and therapy.  
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4.5 Chapter Summary 

This chapter demonstrates label-free optical imaging technique to assess simultaneous 

metabolic status and oxidative stress in human induced pluripotent stem cell-derived 

cardiomyocytes by two-photon fluorescence lifetime imaging of endogenous fluorophores. 

Our results show the sensitivity of this method to detect shifts in metabolism and oxidative 

stress in the cardiomyocytes upon pathological stimuli of hypoxia. We quantified the changes 

in metabolism and increase in oxidative stress with increased duration of hypoxia. We could 

also quantify oxidative stress response to known cardiotoxic drugs. This non-invasive 

imaging technique could prove beneficial for drug development and screening, especially for 

in vitro cardiac models created from stem cell-derived cardiomyocytes and to study the 

pathogenesis of cardiac diseases and therapy. Further, this technique could be extended to 

other hiPS derived cells or tissue engineered micro organs. 
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Metabolic imaging of tissue engineered microphysiological 

systems 

Chapter overview: In the previous chapters we applied fluorescence lifetime imaging to cell 

lines as well as mice tissue. In this chapter we perform label-free metabolic imaging of tissue 

engineered ‘tumor-on-a chip’ in a microfluidic device based platform. 

Parts of this chapter has been published in the following paper: 

Sobrino A., Phan D., Datta R et al. 3D microtumors in vitro supported by perfused vascular 

networks. Scientific Reports (2016) 23; 6 : 31589 

5.1 Introduction 

Microphysiological systems consisting of three-dimensional (3D) tissue engineered organ 

constructs employing human cells or interacting organoids on a chip unfolds new 

possibilities for research in the fields of toxicology, medicine, physiology, basic biology and 

significantly in pharmacology. Two-dimensional (2D) cell cultures using immortalized or 

primary cell lines nor animal models are completely capable of reproducing the interactions 

between drugs and organs or between drugs themselves in organ microenvironments162. 

This motivates development of such 3D miscophysiological systems. A large number of drugs 

showing encouraging results in the preclinical steps of drug trials fail at the clinical study 

stage making pre-trial assessments unreliable as predictors of drug efficacy and toxicity in 

humans137.  The development of such unique 3D microfluidic-device based 

microphysiological tissue system, which mimics human organs structurally and functionally, 
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is gaining importance especially in the areas drug development, drug screening, and cancer 

therapy. For developing such microtissue systems, there is a need for non-destructive 

techniques for understanding and evaluating these 3D tissue models. In this work we present 

a non-invasive, label-free imaging technique to study metabolism of a vascularized human 

“organ-on-a-chip”163.  

The microfluidic device platform is created by standard photolithography from optically 

clear polydimethyl siloxane (PDMS) as has been described previously164. It consists of two 

outer microfluidic channels that act as arteriole (high pressure) and venule (low pressure), 

connected by three diamond shaped tissue chambers, into which is injected a slurry of extra 

cellular matrix (ECM) and cells: fibroblast (normal human lung fibroblast) and human 

endothelial colony forming cell-derived endothelial cells (ECFC-ECs). Vessel-like fragments 

appear within 2 to 3 days and over the course of 5 to 7 days endothelial cells (EC) self-

assemble into an interconnected network that anastomoses with the outer channels. EC 

migrate into the outer channels, forming a tight seal, and over time, line the surface of the 

channel. Flow is generated by a hydrostatic head. Stromal cells are required for proper 

formation of the vascular networks, and a subset of these consistently envelop the newly-

formed vessels, forming tight appositions. This vascularized micro-organ forms the base 

tissue. The tumor-on-a-chip version of the model consists of tumor cells like breast cancer 

tumor lines MCF7 and MDA-MB231 and human colorectal cancer (CRC) cell line HCT116, 

supporting fibroblast and vascular network developed from ECFC-ECs in the tissue chamber. 

Growth of the microphysiological system can be monitored by incorporating cells expressing 

fluorescent protein. Time lapse imaging or confocal imaging is employed to evaluate features 

like vessel length, diameter, and branching, tumor development and volume. Perfusion of 
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vessels is monitored by flowing FITC-dextran. Immunofluorescent staining can be employed 

to identify antibodies specific to EC like cluster of differentiation 31 (CD31) or perivascular 

cells surface proteins like neural/glial antigen 2 (NG2) or beta-type platelet-derived growth 

factor receptor (PDGFR-β). However, this required fixing the device. 

To evaluate the metabolic status of the microtissue system, we employed two photon 

fluorescence imaging microscopy (FLIM) of reduced nicotinamide adenine dinucleotide 

(NADH).  Cellular metabolism is a potentially powerful biomarker for cellular state and 

response to drugs. FLIM has been employed to microfluidic devices to monitor temperature, 

analyze flow kinetics, map molecular diffusion of iodide ions across a microchannel, imaging 

mixing profile and solvent viscosity and to image DNA–dye interactions within a continuous-

flow microfluidic device 165–172. Fluorescence intensity and lifetime of NADH to evaluate 

metabolism of engineered tissue has been explored previously. For example, NADH 

autofluorescence in pancreatic islets loaded in a microfluidic device has been employed  to 

study pyruvate dehydrogenase (PDH) and pyruvate carboxylase (PC) metabolism173,174. 

In this work we used the phasor approach to NADH- FLIM. The details of this technique is 

described in chapter 2. NADH FLIM allowed non-invasive monitoring of metabolism of the 

complex tissue engineered 3D organ system at single cell level.  Metabolic differences 

between various cell types which constitute the tumor-on-a-chip could be observed. The 

non-invasive technique allowed longitudinal survey of metabolic status of the devices over 

days. Furthermore, response to anticancer and anti-angiogenic drugs could be easily 

quantifies at cellular level. 
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5.2 Materials and methods  

5.2.1 Cell culture and device seeding 

For loading the microfluidic device, fibrinogen solution was prepared by dissolving 70% 

clottable bovine fibrinogen (Sigma-Aldrich) in 1× Dulbecco's Phosphate Buffered Saline with 

Ca2+/Mg2+ (LifeTechnologies) to a final concentration of 10 mg/mL. Normal human lung 

fibroblasts (NHLFs) were purchased from Lonza and cultured in DMEM (Corning) containing 

10% Fetal Bovine Serum (FBS, Gemini Bio Products), while human endothelial colony 

forming cell-derived ECs (ECFC-ECs) were isolated from cord blood and expanded on 

gelatin-coated flasks in EGM-2 (Lonza) with approval from UC Irvine’s Institutional Review 

Board. These cells were harvested and resuspended in fibrinogen solution at a concentration 

of 5x106 cells/mL respectively. To create a tumor microtissue, cancer cells (colorectal cancer 

cell lines, HCT116, and breast cancer cell lines MDA-MD-231, and MCF-7 obtained from UC 

Irvine’s Chao Family Comprehensive Cancer Center) were then harvested and resuspended 

in the mixture at a concentration of 200,000 cells/mL. The final cell-matrix suspension was 

mixed with thrombin (50 U/mL, Sigma-Aldrich) for a final concentration of 3 U/mL, quickly 

seeded into the microtissue chambers, and allowed to polymerize in a 37oC incubator for 15 

minutes. Laminin (1 mg/mL, LifeTechnologies) was then loaded into the microfluidic 

channels through medium inlets and incubated at 37oC for an additional 15 minutes to 

stimulate ECFC-EC anastomosis with the microfluidic channels. After incubation, culture 

medium (EGM-2, Lonza) was introduced into the microfluidic channels and subsequently 

medium reservoirs to establish a 5-mm H2O interstitial pressure across the tissue chambers. 

Medium in reservoirs was changed and leveled every other day to maintain interstitial flow. 
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The cells were transduced with lentivirus to express fluorescent proteins mCherry or GFP 

for identification. 

5.2.2 Drug exposure 

To assess drug screening experiments, cells in the microfluidic device were exposed to 

reported in vivo plasma concentrations of different FDA approved anti-cancer drugs or a 

standard dose of 100 nM. 5-Fluoruracil (5-FU), and Sorafenib were obtained from the NIH-

MPS Training Compound Collection at Evotec. All compounds were dissolved in dimethyl 

sulfoxide (DMSO) and added in the medium with less than 0.01% DMSO. For drug exposure, 

after 5-8 days of cells cultured in the microdevice, media from the device is replaced by 

media containing the drug at the desired concentration, and delivered through the 

microfluidic channels using the hydrostatic pressure gradient.  

5.2.3 Immunofluorescent staining and imaging for Collagen IV 

For immunofluorescent staining, devices were fixed by flowing 4% paraformaldehyde 

(Sigma-Aldrich) for 2h at room temperature, followed by an overnight PBS wash at 4oC. 

Blocking, washing, antibody incubation, and nuclei staining steps are also conducted by 

flowing reagents through the microfluidic channels overnight at 4oC. Collagen IV was 

observed by staining using rabbit anti-human Collagen IV polyclonal antibody (AbD-Serotec 

2150-0150, Bio-Rad) followed by Alexa 408 Donkey anti-rabbit secondary antibody. 

Confocal imaging of stained collagen IV was performed on Zeiss LSM 710 microscope (Carl 

Zeiss, Jena, Germany) using a 20x air objective, 0.5 N.A. (EC Plan-Neofluar, Carl Zeiss, 
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Oberkochen, Germany), excited with 405 nm and emission signal was collected between 

410–585 nm. 

5.2.4 Fluorescence lifetime image acquisition and analysis  

Fluorescence lifetime imaging microscopy (FLIM) of reduced nicotinamide adenosine 

dinucleotide (NADH) was performed on a Zeiss LSM 710 microscope (Carl Zeiss, Jena, 

Germany) using a 20x air objective, 0.5 N.A. (EC Plan-Neofluar, Carl Zeiss, Oberkochen, 

Germany) with two photon excitation of 740 nm (titanium:sapphire MaiTai laser from 

Spectra-Physics, Mountain View, CA). Image scan speed was 25.21 µs/pixel and image size is 

256 × 256 pixels. For NADH FLIM of the whole chambers, a 2 by 2 tile scan was performed. 

460/80 nm bandpass filter was employed as emission filter for ‘channel 1’ (for NADH) and 

525/25 nm for ‘channel 2’ and two photomultiplier tubes (H7422P-40, Hamamatsu, Japan) 

were used for detection of the two channels. FLIM data was acquired using A320 FastFLIM 

FLIMbox (ISS, Champaign, IL). For acquisition and FLIM data analysis SimFCS software, 

developed at the Laboratory for Fluorescence Dynamics (LFD, UC Irvine), was used.  

5.2.5 Confocal imaging 

Confocal imaging of fluorescence reporters was carried out simultaneously with lifetime 

imaging in the same microscope system. eGFP was excited with 488 nm and signal collected 

between 493–581 nm. mCherry was excited with 561nm and emission collected between 

578–696 nm. mRFP was excited with 561 and emission collected between 582–754 nm. 

Azurite Blue was excited at 405nm and emission collected between 410–585 nm. Image 

acquisition and post processing was done using Zen software (Zeiss, Germany). To reduce  
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confusion, some images have been re-colored to maintain consistent color-coding 

throughout the chapter. Thus vessels are shown as red and tumor cells as green, although in 

some cases EC were expressing GFP and the tumor cells were expressing mCherry (or 

mRFP). We have seen no differences in cell behavior when they express GFP vs mCherry or 

mRFP. 

5.3 Results 

5.3.1 Confocal fluorescence imaging to distinguish the different cell types forming the micro-

tissue system 

We performed confocal fluorescence imaging of tissue chamber seeded with cells that have 

lentivirally-transduced fluorescent proteins. Multicolor confocal images show interactions 

Fig 5.1 Multicolor confocal images reveal interaction between tumor, microvessels and stromal 
cells. (a) Lentivirally-transduced HCT116 (green), stromal/perivascular cells (yellow) and EC 
(red) in two tissue chambers visualized by confocal microscopy. (b) Closer look at microvessels 
reveal fibroblasts (yellow) wrapped around the vessels (red). (c) Collagen IV staining (blue) 
identifies basement membrane deposition. 
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between microvessels, stromal cells and tumor. The fluorescent markers helped identify the 

different cell types in the tissue chamber. Fig 5.1 (a) shows multicolor confocal image of two 

vascularized diamond shaped tissue chamber with developed vessel network in red, tumor 

(HCT116) clusters in green and stromal/perivascular cells in yellow. Confocal imaging 

revealed areas where stromal cells wrapped around the developed vessels mimicking closely 

the normal physiology [Fig 5.1(b)]. Fig 5.1(c) shows Collagen IV staining (blue) by 

immunofluorescence labeling, displaying collagen IV-rich basement membrane. 

eGFP and mCherry transfection guided us to differentiate the region of interest (tumor, 

vessel, stroml cells) and analyze and compare their individual phasor distributions. In this 

work we applied two kinds of masking. For eGFP, we used lifetime phasor distribution of 

Fig 5.2 Masking to delineate regions of interest. (a) Lifetime based masking where phasor 
fingerprint of eGFP is used to select cells transfected with eGFP. (b) Intensity based masking 
where confocal image of mCherry excited at 561nm and emission collected between 578–696 nm, 
is used to create the mask 

 



93 
 

‘channel 2’ (see section 5.5.4) to select areas of eGFP [Fig 5.2(a)]. mCherry mask was created 

by using the confocal image excited at 561nm and emission collected between 578–696 nm 

[Fig 5.2(b)]. These masks were then applied the NADH channel to obtain the corresponding 

phasor distribution of the individual areas of tumor, vessel and tumor microenvironment. 

5.3.2 Metabolic response to respiratory inhibitor 

To assess the possibility of metabolic imaging of the tissue chamber, we first used FLIM to 

examine the metabolic profile of the vasculature in tissue chamber. Fig 5.3(a) shows the 

confocal image with vessels (in red) overlaid on the brightfield image of the tissue chamber. 

Fig 5.3 FLIM map of whole tissue chamber. (a) Lentivirally-transduced EC (red) overlaid onto the 
brightfield image. (b) Corresponding two-photon fluorescence intensity. (c) NADH FLIM map. (d 
–e) Chemical disruption of metabolism. NADH FLIM map of the tissue chamber before (e) and 
after 80min (e) of KCN exposure. (f) Quantification of the response ofcells to KCN showing 
poisoning of mitochondrial function by KCN.  
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Fig 5.3(b) shows the two-photon fluorescence intensity image and Fig 5.3(c) shows the 

corresponding NADH FLIM map of the whole tissue chamber. The linear decrease in the 

free/bound NADH ratio is colored using color scale white-cyan-blue-pink-red as shown.  

Next we measured the response of the tissue chamber to potassium cyanide (KCN), a known 

blocker of the respiratory mitochondrial transport chain. FLIM data were acquired before 

treatment, as well as 50 mins and 80 mins after treatment. Fig 5.3 (d) shows FLIM map before 

 treatment and Fig 5.3 (e) is one 80 mins after treatment. KCN induced a shift towards higher 

free to bound NADH ratio, in line with inhibition of oxidative phosphorylation146. For 

quantification, we divided the phasor distribution at the center of mass into two windows 

[Fig 5.3 (f)] representing high free to bound NADH ratio (blue square) and low free to bound 

NADH ratio (red square) and plotted the fraction of pixels in each image that belonged to the 

two groups. The result shows an increase in the pixels within the blue window indicating a 

shift towards higher free NADH.  This result confirms the sensitivity of NADH FLIM of the 

microtissue system to metabolic changes.  

5.3.3 NADH FLIM reveals metabolic differences between ECs and surrounding fibroblasts 

A closer look at NADH FLIM map of ECs and fibroblast revealed metabolic differences. Fig 

5.4(a) shows confocal image of two representative areas where the red areas are ECs. Fig 

5.4(b) shows the corresponding FLIM map of areas within the tissue chamber with vessel 

and surrounding fibroblast. Once again the same color scale of white-cyan-blue-pink-red was 

applied on the phasor distribution as shown in Fig 5.4 (c) to represent the linear decrease in 

the free/bound NADH ratio. Interestingly we found a comparatively higher free/bound 

NADH ratio in the ECs shown in white/cyan colors [Fig 5.4 (b)]. For further quantification, 
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the average g and s coordinates of EC and fibroblast were calculated by using the masking 

technique described in section 5.5.1 and plotted as a scatter plot shown in Fig 5.4 (d). This 

plots further supports the right shift of EC phasors. This result suggests that EC are more 

glycolytic than stromal cells, which is consistent with published reports175,176 

5.3.4 Metabolic mapping of tumor-on-a-chip  

Cellular metabolism is a potentially powerful tumor biomarker. Cancer cells often rely on 

glycolysis, uncoupled from oxidative phosphorylation and independent of local O2 

concentrations, for energy production known as aerobic glycolysis or the Warburg effect3. 

We next asked whether the FLIM-phasor approach could be used in vascularized micro 

tumors to interrogate tumor cell metabolism and the response of cells to chemotherapeutic 

Fig 5.4 NADH FLIM map reveals metabolic differences between ECs and fibroblasts wrapping 
them. (a) Confocal images of the representative images of two areas. (b) NADH FLIM map 
distribution using color scale of white-cyan-blue-pink-red. (c) FLIM phasor distribution. (d) 
Scatter plot distribution of average g and s values of ECs (grey triangle) and fibroblasts (grey solid 
circles) and the corresponding average phasors for the ECs (red triangle) and the perivascular 
cells (yellow circle). Error bars show mean ± s.d of 6 replicates (n= 3, p< 0.05). 
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challenge. As shown in Fig. 5.5 we found higher NADH free/bound ratios in cancer cells 

(white/cyan) relative to other cells in the surrounding microenvironment (pink/red), 

including vascular and stromal cells. This suggests that the tumor cells are more glycolytic 

Fig 5.5 Fluorescence Lifetime Imaging Microscopy (FLIM) of ‘tumor-on-a-chip’. (a) Confocal 
images of two tissue chambers loaded with cancer cell line HCT 116 (left) and MCF7 (right) in 
green and microvessel in red. (b) Corresponding two-photon fluorescence intensity images. (c) 
NADH FLIM map with the linear decrease in the free/bound NADH ratio is colored using color 
scale white-cyan-blue-pink-red as shown in the corresponding phasor (d). 
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than the surrounding cells, which is consistent with their known preference for aerobic 

glycolysis.  

5.3.5 Metabolic differences between tumor and its microenvironment 

To further investigate the metabolic difference between tumor and its microenvironment, 

we performed NADH FLIM on tissue chambers seeded with four different tumor cells lines - 

MCF-7, MDA-MB-231, HCT116 and SW620. Masking was applied to separate out regions of 

tumor from its microenvironment as described in section 5.5.1. Fig 5.6 shows the four scatter 

plot corresponding the to the four tumor cell lines. Tumor cluster developed from MCF7, 

MDA-MB-231 and HCT116 displayed higher free/bound NADH ratio compared to its 

microenvironment. We found this difference to be statistically significant. Interestingly for 

SW620, although there was a minute overall right shift in the tumor phasor, this difference 

was not significant.  

5.3.6 Response to drugs and media flow cessation 

Using this technique, we studied the effect of anti-cancer drug 5-Fluoruracil (5-FU). Confocal 

images show a much reduced size of tumor in the device where the drug was administered 

as shown in Fig 5.7 (a-b). Interestingly, we observed a strong metabolic shift in MCF 7 cells 

after exposure of the tumor microenvironment to 100uM 5-FU for 96 hours [Fig 5.7 (c)] 

consistent with a slowed glycolytic rate. It should be noted that 5-FU induces apoptosis , 

which also leads to high levels of bound NADH (red)177. Importantly, the metabolic profile of 

the stroma remained unchanged in response to 5-FU [Fig. 5.7(d)]. 
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 Active angiogenesis is one of the hallmarks of cancer178. During progression of tumor, the 

otherwise quiescent vasculature continues sprouting new vessel branches. This 

neovasculature serves to provide nutrient and oxygen to the newly developing tumor and 

help in metabolic waste removal. The formation of new blood vessels in and around the 

tumor can be driven by a number of tumor-derived factors, a key family being the VEGFs. 

Targeting these growth factors and their receptors has proven moderately successful in the 

treatment of several human cancers, including cervical, glioblastoma, and metastatic CRC,  

 

Fig 5.6 Heterogeneity of FLIM signatures between different tumors and their microenvironments. 
Phasor scatter plots comparing MCF-7, MDA-MB-231, HCT116 and SW620 to their surrounding 
stroma. Error bars show mean ± s.d (p< 0.05). 

 

MCF 7 (human breast adenocarcinoma) HCT 116 (colorectal carcinoma) 

MDA-MB0 231 (breast 
adenocarcinoma) 

SW620 (colon carcinoma) 
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especially in combination with more established anti-cancer agents. We therefore examined 

the effect of sorafenib, a multikinase inhibitor is widely-used as antiangiogenic agent. Fig 5.8 

(a-b) shows the confocal images with vessels in red and corresponding NADH FLIM map of 

devices treated with 10 µM sorafenib for 96 hours. FLIM map shows a strong difference 

Fig 5.7 NADH FLIM map of MCF7 shows response to anticancer drug. Multicolor confocal images 
of Control tissue chamber (a) and tissue chamber administered with 100μM 5-Fluoruracil (5-FU) 
for 96 hours. The tumor clusters in (b) are smaller than the control. (c) right panel shows NADH 
phasor distribution of tumor clusters areas from each condition divided by two cursors, green 
and yellow representing lower and higher free/bound NADH ratio respectively. (c) left panel 
shows the corresponding phasor map. Control tumor has more yellow pixels compared to the 
treated one with all green pixels. (d) Scatter plot showing the NADH phasors for the treated and 
non-treated conditions for the tumor and its microenvironment. 
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between the two groups with a shift towards lower free to bound NADH ratio after drug 

treatment [(Fig 5.8(b)]. Masking was applied to separate out only the ECs present in the 

images and the corresponding average g and s values are plotted for both the groups in Fig 

5.8(c). 

We also examined the metabolic profile in the presence and absence of flow, which limits 

nutrient delivery but not oxygen delivery (which diffuses freely through the PDMS). Fig 5.9 

(a) shows multicolor confocal images of tissue chamber with flow, and same chamber two 

days without flow and six days without flow. Fig 5.9(b) shows the corresponding NADH FLIM 

map. Under no-flow conditions the micro-tissue showed an increase in free NADH, in 

especially in the tumor suggestive of a shift away towards a higher glycolytic rate perhaps in 

absence to nutrients. Taken together, these data suggest a hierarchy of free/bound NADH 

Fig 5.8 Response of EC to anti-angiogenic drug. (a) Confocal image showing EC in red of control 
and sorafenib treated tissue chambers. (b) corresponding FLIM map. (c) The phasor distribution 
with pink square selecting lower and cyan square choosing the higher free/bound NADH ratios.   
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(and potentially aerobic glycolytic rate) in the cells of the tumor microenvironment, from 

tumor (highest glycolytic rate/ lowest oxidative phosphorylation profile) to EC (moderate 

glycolytic rate) to stroma (lowest glycolytic rate / highest oxidative phosphorylation profile), 

and furthermore suggest that inhibiting glycolysis may be an effective strategy to target 

tumor cells as well as their associated vasculature.  

5.4 Discussion 

Development of microfluidic-device based microphysiological tissue system, which mimics 

human organs structurally and functionally, is gaining importance especially in the areas 

drug development, drug screening, and other healthcare research. Hence, there is a need for 

non-destructive techniques for understanding and evaluating such three-dimensional (3D) 

Fig 5.9 Response to flow cessation. (a) Multicolor confocal of tissue chamber with flow and after 
2 and 6 days after stopping flow. (b) Corresponding NADH FLIM maps of the tissue chamber. 
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tissue models. In this work we present a non-invasive, label-free imaging technique to study 

metabolism of a vascularized human “tumor-on-a-chip”. The model consists of tumor cells 

(tumor lines like breast cancer tumor lines MCF7 and MDA-MB231 and human colorectal 

cancer (CRC) cell line HCT116 and colon cancer cell line SW620), supporting fibroblast and 

vascular network developed from endothelial cells in the diamond shaped tissue chamber of 

an optically clear polydimethyl siloxane (PDMS) based microfluidic device. For metabolic 

imaging we performed 2-photon fluorescence lifetime imaging (FLIM) of intrinsically 

fluorescent metabolic coenzyme reduced nicotinamide adenine dinucleotide (NADH). We 

used 2-photon excitation of 740nm and the emission was collected between 420-500nm. 

Free and protein bound forms of NADH, which are well separated in fluorescence lifetime, 

are employed as indicators of cellular metabolism, especially glycolysis and oxidative 

phosphorylation. For analysis of lifetime data, we use the phasor approach to FLIM which a 

fit-free technique. We generate pseudo-colored FLIM map of the acquired image showing the 

linear distribution of bound and free fraction of NADH. 

NADH FLIM-phasor was sensitive to detect changes of the whole tissue chamber in response 

to respiratory inhibitor cyanide. More importantly, the results demonstrate NADH FLIM of 

the 3D complex tissue-engineered structure could distinguish metabolically dissimilar areas 

at cellular level. We discovered the ECs forming vessels have a higher free to bound NADH 

ratio compared to the stromal cells and pericytes wrapping around those vessels. This aligns 

with the previous observation of endothelial cells metabolism being primarily aerobic 

glycolysis allowing oxygen to diffuse into deeper proliferating tissues 175. NADH FLIM map 

of the whole tissue chamber incorporated with tumor cells clearly shows metabolic 

differences between cancer cells and the surrounding vessels and stromal cells. The breast 
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cancer cell lines MCF7 and MDA-MB231 and human colorectal cancer cell line HCT116 

displayed higher free to bound NADH ratio compared to the ECs and supporting stromal cells 

in its microenvironment. We quantified this difference to be statistically significant. 

Interestingly, tumor cluster of colon cancer cell line SW620 did not display distinguishable 

metabolic map. Hence, this technique not only detected differences between tumor and its 

microenvironment, but also allowed us to compare the various cancer cells lines to 

themselves.   

These results suggest there is a hierarchy of glycolytic rate from stroma (lowest), through 

EC, up to tumor (highest). There is a growing awareness of the potential for reducing tumor 

drug resistance through metabolic targeting179,180. Our data support the idea that reducing 

glycolysis may have some specificity for glycolysis-dependent tumors, and perhaps, their 

associated vasculature. In support of this, we found that 5-FU, while severely disrupting the 

NADH free/bound ratio in MCF-7 tumor cells had no effect on the stromal NADH free/bound 

ratio. Response of blood vessels to antiangiogenic drug was also easily identifiable with 

decrease in free/bound NADH ratio with drug treatment indicating a switch from its normal 

glycolytic behavior. 

In conclusion, we demonstrate a powerful, non-invasive, label free optical metabolic imaging 

technique to evaluate three-dimensional tumor microenvironment establishment in a PDMS 

microfluidic platform.  This non-destructive method allows monitoring such a system over 

time. Further, we could easily observe and quantify metabolic response to anti-cancer, and 

anti-angiogenic drugs at single cell level.  
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5.5 Chapter Summary 

Development of microfluidic-device based microphysiological tissue system, which mimics 

human organs structurally and functionally, is gaining importance especially in the areas 

drug development, drug screening, and other healthcare research. Hence, there is a need for 

non-destructive techniques for understanding and evaluating such three-dimensional (3D) 

tissue models. In this work we present a non-invasive, label-free imaging technique to study 

metabolism of a vascularized human “tumor-on-a-chip”. The model consists of tumor cells 

(tumor lines like breast cancer tumor lines MCF7 and MDA-MB231 and human colorectal 

cancer (CRC) cell line HCT116), supporting fibroblast and vascular network developed from 

endothelial cells in the diamond shaped tissue chamber of an optically clear polydimethyl 

siloxane (PDMS) based microfluidic device. For metabolic imaging we performed 2-photon 

fluorescence lifetime imaging (FLIM) of intrinsically fluorescent metabolic coenzyme 

reduced nicotinamide adenine dinucleotide (NADH). We used 2-photon excitation of 740nm 

and the emission was collected between 420-500nm. Free and protein bound forms of 

NADH, which are well separated in fluorescence lifetime, are employed as indicators of 

cellular metabolism, especially glycolysis and oxidative phosphorylation. For analysis of 

lifetime data, we use the phasor approach to FLIM which a fit-free technique. We generate 

pseudo-colored FLIM map of the acquired image showing the linear distribution of bound 

and free fraction of NADH. In the first part of the work, we show the ability to perform NADH 

FLIM of the microfluidic device tissue chamber and distinguish metabolically dissimilar 

areas. NADH FLIM map of the whole tissue chamber clearly shows metabolic differences 

between tumor cells and the surrounding vessels and stromal cells. The tumor cells exhibit 

higher free to bound NADH ratio pointing towards glycolytic behavior, which follows the 
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Warburg effect. To identify the different cells types, they were transfected with fluorescent 

proteins. Further, we could distinguish the more glycolytic vessels from the surrounding 

stromal cells which wrapped around the vessels. In the second part of this work we show the 

detection of metabolic response of the tumor microenvironment to drugs. In response to 

potassium cyanide, which is a known disrupter of respiratory mitochondrial transport chain, 

NADH FLIM map of the whole tissue chamber showed a shift towards higher free to bound 

NADH ratio indicating oxidative phosphorylation inhibition. Using this technique, we studied 

the effect of anti-cancer drug (5-FU). We observed a strong metabolic shift in MCF 7 cells  

after exposure of the tumor microenvironment to 100uM 5-FU for 96 hours. However, no 

such change was observed in the stromal cells. Anti-angiogenic drugs are often used in 

conjunction with anti-cancer drug to suppress the angiogenesis which aid tumor 

progression. Employing the NADH FLIM phasor technique we could study the effect of anti-

angiogenic drugs like Sorafenib on the vasculature. Hence, in this work we demonstrate a 

powerful, non-invasive, label free optical metabolic imaging technique to evaluate 3D tumor 

microenvironment establishment in a PDMS microfluidic platform.  This non-destructive 

method allows monitoring such a system over time. Further, we could easily observe and 

quantify metabolic response to anti-cancer, and anti-angiogenic drugs at single cell level. 
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Label free FLIM-phasor fingerprint of clinically relevant 

bacteria 

Chapter overview: In this chapter, while we maintain the theme of the thesis i.e., label-free 

FLIM, we apply this technique to medically relevant prokaryotes - bacteria. We establish 

phasor fingerprint of metabolically active bacteria as well as response to stimuli like 

antibiotic drugs and growth phases. 

6.1 Introduction 

Fluorescence lifetime imaging microscopy (FLIM) has been extensively exploited for label-

free metabolic imaging in mammalian cells. However, FLIM of intrinsic fluorophores in live 

bacteria has not been explored to similar extents.  In this chapter we address this issue and 

exploit FLIM phasor technique for bacterial metabolic imaging. This could prove important 

in understanding bacteria related pathology, drug response and therapy as well as 

emergence of newer drug-resistant bacterial strains, all in a label free manner.   

There is a great diversity of bacteria species. They can have different size and shapes 

depending on their species. Further, they exist not only as single cells but also as clusters, 

microcolonies or form more complex biofilms. They are capable of adapting to their adverse 

environmental conditions and nutrient supply and can change their metabolic activity to 

weather such stresses.  Hence, assessment of bacterial metabolism could shed light on their 

physiological status.   
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The motivation of the work presented in this chapter lies in the danger that these 

microorganisms pose to human health. While a large number of bacterial species are deemed 

beneficial, there is an increasing number of strains associated with pathology, including life 

threatening diseases. Some of these include tuberculosis, diarrhea, gastroenteritis, 

meningitis, bacteremia, dermatitis, gonorrhea, cellulitis, typhoid and pneumonia.  Moreover, 

during the last decade, a large number of new infectious strains have been discovered. 

Treatment and therapy of these disease are often hindered by emergence multi-drug 

resistant bacterial strains181,182. Antibiotic resistance and tolerance are characteristics of the 

so called ‘persister’ cells which are often associated with biofilm formation and recurrence 

of bacterial infections 183–185. Hence, in this work we asked the following question:  

1. Can we identify and separate bacterial metabolic states when subjected to external 

stress or in their different growth phases? 

2. Can we resolve this information at single cell level? 

3. And finally, can we identify differences between cells of the same population, which 

maybe indicates presence of persisters?  

To answer these questions non-invasively in the live bacteria within their native 

environment, we exploit autofluorescence of intrinsic fluorophores. As in the case of 

mammalian cells, bacteria have a plethora of endogenous fluorescent molecules with distinct 

spectral characteristics, rendering them as promising probes for identification and 

characterization. These include amino acids tryptophan, tyrosine and phenylalanine, and 

metabolic coenzymes reduced nicotinamide adenine dinucleotide (NADH), reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), flavins and flavin adenine 



108 
 

dinucleotide (FAD )186,187. While these fluorophores are common for mammalian cells, some 

bacteria produce unique fluorescent molecules. For example, Pseudomonas aeruginosa strain 

PA14 produces pyocyanin (PYO), phenazine 1-carboxamide (PCN) and 1-hydroxyphenazine 

(1OHP).  Fluorescence spectroscopy of intrinsic fluorophores has been previously explored 

in bacteria for detection, differentiating and characterizing different species187–191. Leblanc 

et al. (2002) used spectral signatures of aromatic amino acids + nucleic acids, tryptophan 

residues and NADH to differentiate between Lactococcus lactis, Pediococcus pentosaceus, 

Kocuria varians, Pseudomonas fluorescens and Listeria innocua192.  Applying principal 

components analysis (PCA) technique to intrinsic fluorescence spectra, Giana et al. (2003) 

identified and separated  the three bacterial species - Escherichia coli, Enterococcus faecalis 

and Staphylococcus aureus 193 , while Tourkya et al. (2009) demonstrated some separation 

between pseudomonads (Pseudomonas-like bacteria)188.  Moreover, fluorescence emission 

from dipicolinic acid produced during spore formation could separate spore forming Bacillus 

subtilis from Staphylococcus aureus, a nonspore-forming bacteria194.   

Fluorescence spectroscopy of NADH in bacteria was published as early as the 1950s, roughly 

the same when the preliminary results on NADH fluorescence was demonstrated by Chance 

(details in Chapter 1). Using fluorescence spectrophotometry, Duysen et al. (1957) measured 

the fluorescence spectra of NADH in Photobacterium phosphoreum, Photobacterium 

splendidum and Chlorella195. Relation of metabolic state to NADH levels in bacteria were also 

investigated196. Harrison et al. reported oscillation of NADH fluorescence in Klebsiella 

aerogenes under certain conditions197. Wimpenny et al. investigated NAD and NADH levels 

in cultures of Klebsiella aerogenes, Escherichia coli, and Staphylococcus albus and 

demonstrated the relation of NAD/NADH ratio to growth, aerobiosis and anaerobiosis. De 
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Graef et al. too demonstrated the increase in ratio NADH/NAD in anaerobic condition as well 

as with decrease of dissolved oxygen tension198. NADH fluorescence to measure metabolic 

activity of bacteria has also been employed in water science research199–201. It is important 

to note that all the mentioned research was performed on bacterial cell suspensions and 

depicts results from the whole population. 

As mentioned in the previous chapters, fluorescence lifetime measurements not only add 

another dimension to the data, it has several advantage over fluorescence intensity 

measurements. Importantly, it is independent of fluorophore’s concentration, while at the 

same time dependent on its environment like temperature, pH, viscosity, and binding state. 

Hence, in this work we propose FLIM of bacterial NADH autofluorescence to study metabolic 

activity at single cell level in order to answer the questions posed at the beginning of this 

section. Some fluorescence lifetime measurement on bacteria have been previously reported 

with an attempt to detect and differentiate various bacterial species. Fluorescence lifetimes 

of bacteria Staphylococcus epidermidis, Pseudomonas fluorescens, Enterobacter cloacae, 

Escherichia coli, and Bacillus subtilis were measured with excitation wavelengths 340, 365, 

405, 430 and 460 nm and emission detected at 430, 487, and 514 nm and reported in a series 

of publications202–204. The measurements were done in bacterial cell suspension using laser 

fluorometer. Kinkennon et al.  reported autofluorescence lifetime profiles of Pseudomonas 

fluorescens, Escherichia coli, Bacillus subtilis, and Staphylococcus epidermidis employing 

multiharmonic Fourier transform phase-modulation fluorometer with excitation at 325, 

364, and 442 nm. Fluorescence lifetime of tryptophan and NADH was employed recently for 

identification and classification of Staphylococcus aureus, Pseudomonas aeruginosa, 

Salmonella typhi and Klebsiella pneumoniae205,206. 
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NADH FLIM phasor, as previously mentioned, has been extensively employed in metabolic 

imaging of mammalian cells including cancer metabolism, stem cell differentiation, 

cardiomyocyte metabolism and metabolic fingerprint of macrophage types56,58,87,207. FLIM 

phasor approach has also been applied to Lactobacillus acidophilus208. In this work we 

employ NADH FLIM-phasor to perform real-time metabolic imaging of clinically relevant 

bacteria, namely Escherichia coli (E. coli), Salmonella typhi (S. typhi), Pseudomonas 

aeruginosa (P. aeruginosa), Bacillus subtilis (B. subtilis), and Staphylococcus epidermidis (S. 

epidermidis). The first three are gram negative bacteria while the last two are gram positive. 

Some additional characteristic of these bacteria has been listed in Table 6.1. For the first time 

we show the lifetime phasor fingerprint of these bacteria with two-photon excitation of 

740nm and emission collected at 460/80nm. Details of the phasor approach to FLIM has 

been discussed in chapter 2.    

Our technique is sensitive to metabolic response of the bacteria when subjected to the two 

classes of antibiotics: bacteriostatic and bactericidal. Moreover, the FLIM phasor show 

reverse response upon drug recovery. We also defined metabolic fingerprint associated with 

the different growth phases in the bacteria. Finally, we demonstrate the metabolic shifts 

when growth is resumed from the stationary phase.  

Our method is advantageous due to the fact that we can study metabolic state of bacteria at 

single cell level. We can obtain information about individual cells in the imaging plane and 

observe changes temporally and spatially. Differences between cells in the same population 

can also be identified, perhaps directing towards bacterial cells which might be persisters. 

This technique gives powerful insights about the microorganism’s metabolic diversity due  
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Table 6.1 Characteristics of bacteria explored in this thesis 

Species name Group by Gram staining Shape Related disease 

Escherichia coli Gram negative rod-shaped 
 virulent stains cause gastroenteritis, 
diarrhea, septicemia, meningitis 

Salmonella 
typhimurium 

Gram negative rod-shaped 
typhoid or enteric fever, food poisoning, 
gastroenteritis 

Pseudomonas 
aeruginosa 

Gram negative rod-shaped 
opportunistic infection, pneumonia, 
urinary tract infection 

Bacillus subtilis Gram positive rod-shaped 

non-pathogenic, pathogenic Bacillus 
organism include Bacillus cereus, 
Bacillus licheniformis and Bacillus 
anthracis 

Staphylococcus 
epidermis 

Gram positive sphere-shaped 

nosocomial infections in catheters and 
implants, prosthetic valves, 
cerebrospinal fluid shunts, joint 
prosthesis, vascular prostheses 

    

 

to its excellent sensitivity and selectivity. Further, owing to its nondestructive nature, 

bacterial metabolic states can be probed in their native environment.  

6.2 Material and methods 

6.2.1 FLIM acquisition 

FLIM was performed on a Zeiss LSM 710 microscope (Carl Zeiss, Jena, Germany) using a 40x, 

1.2 N.A. water immersion objective, (Carl Zeiss, Oberkochen, Germany) coupled to an 80MHz 

multiphoton excitation laser source, Titanium:Sapphire MaiTai laser (Spectra-Physics, 

Mountain View, CA). 2PE (2 photon excitation) excitation of NADH and LLS was carried out 

at 740nm.  Image scan speed was 25.21 µs/pixel with an image size of 256 × 256 pixels. A 
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dichroic at 690 nm was employed to separate excitation from emission signal. A bandpass 

emission filter 460/80nm (Semrock, Rochester, NY) coupled to a photomultiplier tube 

(H7422P-40, Hamamatsu, Japan) was used as the microscope external detector port photo-

sensor unit. FLIM data was acquired using A320 FastFLIM FLIMbox (ISS, Champaign, IL). For 

each image, 60 - 70 frames were collected and integrated for FLIM analysis. SimFCS software 

(LFD, Irvine) was used for frequency domain FLIM data acquisition. For calibrating the FLIM 

system, Rhodamine 110 with known lifetime of 4ns was measured for every experiment. All 

the (g, s) coordinate system used to mention phasor cursor coordinates in this article used 

the first harmonic phasor plots at 80Mhz (repetition rate of the laser).    

6.2.2 Sample  

Five bacterial species were used for this project namely: Escherichia coli (MC4100), Salmonella 

typhimurium (AJB52), Pseudomonas aeruginosa (PA14 WT), Bacillus subtilis and 

Staphylococcus epidermidis. All strains were revived from frozen stocks by streaking on 

Lysogeny broth (LB) agar plates. 1.5% agar was used. Shaking cultures of bacterial strains were 

grown in 2 ml LB for 5 hours unless stated otherwise.  

For imaging, the samples were prepared by mixing LB shaking cultures with 1% agarose in 3:7 

ratios. 100 l of the solution was dropped on a glass coverslip and spin coated at 500 rpm for 10 

seconds.  
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6.2.3 Growth curve measurement 

Optical densities (OD) of 1 ml bacterial shaking was measured every hour to generate a growth 

curve. The OD was measure at 600nm wavelength of light using a Biowave CO8000 cell density 

meter (Biochrom, Holliston, MA). 

6.2.4 Data analysis 

FLIM data was analyzed using the SimFCS software developed at the Laboratory of 

Fluorescence Dynamics (LFD, UC Irvine) was used. Additional data processing was 

performed on MATLAB. 

6.3 Results 

6.3.1 Bacterial fluorescence lifetime phasor fingerprint 

We investigated two photon FLIM of five clinically relevant species of bacteria - Escherichia 

coli (E. coli), Salmonella typhimurium (S. typhimurium), Pseudomonas aeruginosa (P. 

aeruginosa), Bacillus subtilis (B. subtilis), and Staphylococcus epidermidis (S. epidermidis). 

Each species was imaged at an early logarithmic phase of growth, deemed to be metabolically 

active. Fig 6.1 shows the phasor fingerprint of the bacterial species (n=10). The position of 

the bacteria phasor defines the phasor fingerprint of metabolically active state of the 

bacteria. This might represent corresponding degree of free to bound NADH ratios in that 

particular time of growth. A comparative analysis of all the phasor coordinates of each 

bacteria shows variation in position along both g and s axes of the phasor plot [Fig 6.1 (c)]. 

The distribution of coordinates generated by the bacterial phasors indicate greater variation 

along the g axis (between 0.3 to 0.45) than the s axis on the phasor plot.   
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6.3.2 Response to bacteriostatic antibiotic and recovery 

After establishing bacterial phasor fingerprint we examined the response of the bacteria 

when exposed to antibiotic drugs. We chose E. coli for this experiment as it is considered to 

be the model organism.  Fig6.2 (a) is the phasor distribution of control and E. coli subjected 

to of 50µM, 100µM, 200µM, 300µM and 500µM nalidixic acid, a bacteriostatic drug. Each 

exposure was for 30mins. Two distinct phasor clusters were observed. The longer lifetime 

cluster is chosen by green cursor. This selection corresponds to the control and a few 

bacteria in the 50 µM treated group [Fig 6.2 (b)]. The right shifted phasor cluster is chosen 

by the red cursor which corresponds to the nalidixic acid treated  

Fig 6.1 Bacterial phasor fingerprint. (a) Phasor distribution of Escherichia coli (E. coli), Salmonella 
typhimurium (S. typhimurium), Pseudomonas aeruginosa (P. aeruginosa), Bacillus subtilis (B. 
subtilis), and Staphylococcus epidermidis (S. epidermidis). Inset panels are representative 
fluorescence intensity images of each bacterium with 2-photon excitation of 740nm. Scale bar is 
1µm. (b) Bacteria phasor fingerprint, n=10. (c) Boxplot representation of g and s distribution.  
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groups. Fig 6.2 (c) shows the average g and s value of each individual bacteria with green 

dots representing bacteria in control group and the bacteria subjected to increasing 

concentrations of nalidixic acid is represented by light to darker shades of brown.  The 

phasor fingerprint shifted towards right when logarithmic growth phase E. coli cells were 

exposed to the bacteriostatic antibiotic nalidixic acid. The progressive right shift was dose 

dependent, i.e., increasing shift towards the free NADH phasor position was observed with 

Fig 6.2 Response to bacteriostatic treatment. (a) Phasor distribution of E. coli control and treated 
with 50µM, 100µM, 200µM, 300µM and 500µM nalidixic acid. Green cursor selects phasor 
distribution on the left while red cursor selects that on the right. (b) FLIM map created by red and 
green cursors in (a). (c) Bacteria phasor in each condition. (d) g and s distribution of bacterial 
phasor in each condition 
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increasing concentration of nalidixic acid as seen in Fig 6.2 (c). Fig 6.2 (d) shows the 

distribution of the phasor coordinates along the g and s axes as a function of concentration 

of nalidixic acid. The g distribution had an increasing mean value while that along s axis was 

fairly constant as a function concentration.  

A bacteriostatic antibiotic inhibits growth of the bacterium which can be restored upon 

removal of unfavorable conditions. To investigate if the bacterial phasor recovers from the 

exposure to a bacteriostatic antibiotic, E. coli was subjected to 200µM nalidixic acid for 30 

minutes and imaged.  Following this, the exposed E. coli cells were washed and incubated in 

growth media for 30mins and imaged again. Fig 6.3 shows the phasor distribution of control, 

treated, and drug removed groups. As observed in the previous experiment, drug exposure 

Fig 6.3 Bacteriostatic antibiotic recovery. Phasor distributions of E. coli, E. coli treated with 200µM 
nalidixic acid of 30mins and resuspended in normal media for 30mins 
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shifts the phasor to the right indicating higher free/bound NADH ratio. The phasor 

distribution of bacteria when the drug was removed shifts back towards the left indicating 

lower free to bound NADH ratio. Exposure of E. coli to antibiotics showed greater shifts along 

the g axis of the phasor plot. Hence the recovery upon drug removal could be identified by 

FLIM phasor shifts. It is interesting to note that the phasor distribution along the g axis is 

wider for control and treated groups, representing more diversity in metabolic states of 

bacteria within the same group. However, in the recovered group, this variation is much 

reduced as indicated by a narrower phasor distribution. Perhaps the treatment reset the 

metabolic state of all the cells to a similar starting point.  

 

Fig 6.4 Response to bactericidal antibiotic. (a) FLIM map of two areas of E. coli control and 500µM 
ampicillin created by the square cursor in the phasor plot (b). Red and green cursors divide the 
phasor distribution at the center. Black arrow shows the direction of shift after drug 
administration. (c) Single bacteria phasor. 
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6.3.3 Response to bactericidal antibiotic 

The encouraging results of FLIM phasor sensitivity to bacteriostatic antibiotic treatment led 

us to expose E. coli to another class of drug called the bactericidal antibiotic. Once again, we 

could detect response of the bacteria to the antibiotic. Fig 6.4 (a) shows the FLIM map, color 

coded according to the cursor selections on the phasor plot in Fig 6.4 (b). The bacteria with 

green pixels have phasor selected by green cursor with lower g values than the red pixels 

that have their corresponding phasor inside the red cursor. Thus, NADH FLIM phasor for E. 

coli exposed to a bactericidal antibiotic, ampicillin shows a similar shift towards higher free 

to bound NADH ratio. The direction and extent of the shifts are similar to NADH FLIM phasor 

of E. coli cells exposed to bacteriostatic antibiotics. Fig 6.4 (c) shows single bacteria phasor 

of the two groups. This technique revealed the response of each bacterium to the drug. In the 

exposed group, we found bacteria which does not show a shift like the rest of the group 

(indicated by white arrows in Fig 6.4 (a)). Perhaps these are persister like cells which were 

resistant to the antibiotics.  

6.3.4 NADH FLIM of Bacterial Growth Curves 

To track the change in phasor position at different growth stages in bacteria we imaged 4 

different species of bacteria, Escherichia coli (E. coli), Salmonella typhimurium (S. 

typhimurium), Pseudomonas aeruginosa (P. aeruginosa), and Bacillus subtilis (B. subtilis), Fig 

6.5 (a-b). The growth stages of these bacterial cultures were tracked in parallel using the 

traditional optical density (OD) measurements, Fig 6.5 (c). The initial direction of the shift 

with increase in growth of the bacterium was towards a higher free to bound ratio of NADH. 

From the lag phase till the log phase (from 2 hours to about 8 hours), we observed a right 
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shift of phasors till the phasor position of the metabolically bacteria fingerprint (i.e., g in the 

range of 0.3 to 0.5). From the onset of stationary phase, the phasor started shifting left 

towards higher lifetimes in an oscillatory fashion. Different extends of this oscillatory trend 

in phasor shifts was observed in growth curves of all the 4 species of bacteria, though the 

oscillations were slightly reduced in case of P. aeruginosa Fig 6.5 (b). 

6.3.5 Growth curve recovery  

To investigate if the oscillatory shifts retrace the same path back, E. coli cells grown for 15 h, 

24 h, 48 h and 307 h (13 days). Each were divided into two groups. One group continued to 

grow in the same old culture media for 2 more hours. The second group was washed and 

resuspended in equal amount of fresh growth media and allowed to grow at 37 C for 2 

hours. Fig 6.6 shows the bacteria phasor of each group. Cyan points represent individual 

bacteria growing in old culture while black points indicate bacteria from the same group 

resuspended in fresh media.  We observed an increase in NADH free to bound ratio in the 

groups resuspended in fresh media when compared to its corresponding old culture media 

group. This was shown by a right shift in the bacteria phasors of the recovered groups 

towards the phasor fingerprint of metabolically active bacteria fingerprint position (i.e, g 

between 0.35 to 0.5). However, there was a decrease in the extent of this change with 

increase in growth time indicating less and less ability of the bacteria to recover. E. coli cells 

grown for 307 h did not show any recovery from the NADH FLIM phasor position. Decreasing 

amount of recovery as well as a right shift within 17h, 26h, 50h, and 13 days might be due to 

the fact that these groups contain survivor bacteria which are more metabolically active 

while the weaker cells of the groups are already dead and do not contribute to the data 
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6.4 Discussion 

In this work we employ label-free NADH FLIM to characterize fluorescence lifetime 

fingerprint of bacteria with cellular resolution. The phasor approach to FLIM proves to be a 

powerful tool to elucidate metabolic states of bacteria species and correlate them with stress 

Fig 6.5 Growth curve phasor fingerprint. (a) bacteria phasor of Escherichia coli (E. coli), Salmonella 
typhimurium (S. typhimurium), Pseudomonas aeruginosa (P. aeruginosa), and Bacillus subtilis (B. 
subtilis) at different stages of the growth curve color coded by rainbow scale. (b) g and s trend of 
the 4 bacterial species. (c) Growth curve by optical density (OD) measurements. 

 



121 
 

response and cell death. Mid log phase bacterial cells of E. coli, P. aeruginosa, B. subtilis, S. 

typhimurium and S. epidermis were used to generate the bacterial species fingerprint phasor 

as that phase represents a high metabolic activity. The lifetime phasor fingerprint varies 

within different species of bacteria and also within a population of same species. This 

supports previous literature indicating differing metabolic pathways of different species of 

bacteria209–211. Diversity in metabolism results in different ratios of NAD/NADH and enzyme 

complexes of NADH which perhaps account for the differences of phasor position among 

different species of bacteria197,198,212,213. Bacterial cells within a population of the same 

species can be at different metabolic states of growth, resulting in formation of different 

NADH enzyme complexes within the population. This might account for the diversity of 

phasor position of each bacteria of the same species. 

Bacteria encounter various stresses in their natural environments and they elicit specific and 

highly regulated responses via changes in their metabolism183,185,214,215. We probed the 

metabolic response of E. coli, which is considered as a model organism to antibiotic 

treatment. Administration of both bacteriostatic drug (nalidixic acid) and bacteriocidal drug 

(ampicillin) caused a right shift of the lifetime phasor distribution. This shift of the NADH 

phasor position towards shorter lifetimes in response to different antibiotics and 

Fig 6.6 Growth recovery. Bacteria phasor of E. coli in 17 hours, 26 hours, 50 hours and 13 days 
culture compared to 15 hours 24 hours, 48 hours and 13 days culture resuspending in fresh 
growth media for 2 hours.   
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bactericidal compounds appears to be characteristic of exposure to such high stress 

environment and may be indicative of cell death. The shift of the phasor is towards higher 

free NADH fraction may be due to shutting down of cellular metabolism at higher 

concentrations of antibiotics. In the event of cell death such state is irreversible; however 

bacterial cells are known to recover from a state of static growth and dormancy induced by 

bacteriostatic compounds215–219. We observed a return of the phasor distribution, 

represented as a left shift, when E. coli cells where exposed to lower concentration of 

nalidixic acid followed by washing off the drug with media and resuspension in nutrient 

medium. This observation further corroborates that a shift of the phasor position towards 

free NADH lifetime is characteristic of bacterial stress response leading to cell death. 

Moreover, the distribution of the recovered bacteria was much tighter than the control and 

treated population. This decrease in variation probably indicates similar metabolic state of 

all the bacteria subjected to the treatment as opposed to control cells which might be at 

varying metabolic states.  The response of a bacterial cell in a high stress environment 

depend on a range of factors like rate of cell division, metabolic state and so on215,220. Such 

factors direct the fate of part of the cell population towards persister or dormant state and 

the rest towards death. This results in a wide spread of the phasor distribution of the 

bacterial cell.  

A bacterial growth curve defines the metabolic state of a population of particular species of 

bacteria over time221,222. In the case of most aerobically grown bacteria, this depends on the 

type of nutrient source, temperature of growth, rate of aeration and so on, and is 

characterized measuring optical density at 600nm wavelength of light using a 

spectrophotometer223. The bacterial growth curve extends further than the commonly 
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described lag, log (or exponential) and stationary phases of growth221,222,224. Most 

importantly each bacterium within population experiences differential rates of growth and 

this information cannot be obtained using optical density or counting CFU characterization 

techniques. The growth curve beyond the stationary phase is complicated by persister cells 

and growth advantage in stationary phase (GASP) phenotype formation, changes in gene 

expression and morphology, programmed cell deaths occurring in a culture225–227. Effects of 

these events have been characterized over long periods of time using optical density 

measurements. However, cells begin to starve at the onset of the stationary phase when 

nutrition from growth media begin to decrease and the cell microenvironment is no longer 

favorable. We employed NADH FLIM phasor to characterize the metabolic state of 4 bacterial 

species at different time point of growth. From lag phase to exponential phase we identified 

a right shift of the phasor distribution reaching the fingerprint position of metabolically 

active species. Subsequently, at later stages of exponential phase into the stationary phase 

we observed an oscillation of the phasor positions. Bacterial cultures display an oscillatory 

behavior of cell density in the culture with rise and fall during the stationary phase220,224–227. 

This has been explained by the GASP phenomenon where dead populations provide 

nutrients to their living counterparts increasing the cell density for a small period of time. 

This phenomenon continues until all cells in a culture are dead. The growth curve phasors 

show a general trend where they move towards longer lifetimes at the onset of the stationary 

phase. The observed trend in the growth curves at the onset of stationary phase may be due 

to GASP phenomenon in the cultures where cells receive nutrients due to death of a sub-

population of cells. Interestingly, the phasor positions of older cultures (15hours, 24 hours 

and 48 hours) recover back to that of a metabolically active bacteria phasor fingerprint when 
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resuspended in fresh media. Moreover, this recovery becomes less evident with increasing 

culture time. Cells in 13 days old culture did not show any recovery indicating that most cells 

are dead and there is no nutrient available.  

In conclusion, we demonstrate label free two-photon fluorescence lifetime microscopy of 

bacteria. We create a lifetime phasor fingerprint of clinically relevant bacteria. To the best of 

our knowledge, this is the first time two-photon phasor fingerprinting of bacteria species 

Escherichia coli, Pseudomonas aeruginosa, Salmonella Typhimurium, Bacillus subtilis and 

Staphylococcus epidermis have been demonstrated. Our technique could detect response of 

bacteria to external stress at single cell level. Further we show the lifetime phasor 

trajectories of bacterial growth curve phases. This technique gives powerful insights about 

the microorganism’s metabolic behavior due to its excellent sensitivity and selectivity. 

Owing to its nondestructive nature, bacterial metabolic states could be probed in their native 

environment.  

  



125 
 

6.5 Chapter Summary 

In this chapter we demonstrate label free two-photon fluorescence lifetime microscopy of 

bacteria. We create a lifetime phasor fingerprint of clinically relevant bacteria. To our 

knowledge, this is the first time two-photon phasor fingerprinting of bacteria species 

Escherichia coli, Pseudomonas aeruginosa, Salmonella Typhimurium, Bacillus subtilis and 

Staphylococcus epidermis have been demonstrated. Different bacterial species utilize 

different metabolic pathways under varying environmental conditions. This results in 

differences in metabolic states which could be depicted by NADH FLIM phasor. We were able 

to show differences not only between species but also within the same species at single cell 

level.  Next, we examined response of the model organism, Escherichia coli, to antibiotic 

treatment. When subjected to both bacteriostatic and bactericidal antibiotic, we observed 

right shift towards free NADH phasor fingerprint on the phasor, from the position of control 

bacteria with high metabolic activity. Recovery of the bacteria treated upon resuspension in 

normal media was indicated by a left shift. This lead us to believe the right shift is 

characteristic of exposure to high stress environment and may be indicative of cell death. 

Interestingly, we noticed some cells whose phasor position did not change with antibiotic 

exposure, perhaps indicating ‘persistence’ nature. Hence, our technique could to detect 

response of bacteria to external stress at the single cell level. Further, we show the lifetime 

phasor trajectories of bacterial growth curve which is defined by the metabolic state of a 

population of particular species of bacteria over time. From the lag phase till the log phase, 

we observed a right shift of phasors till the phasor position of the metabolically bacteria 

fingerprint. From the onset of stationary phase, the phasor shifted left towards longer 

lifetimes in an oscillatory fashion. We also show recovery of resuspended bacteria.  This 
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technique gives powerful insights about the microorganism’s metabolic behavior due to its 

excellent sensitivity and selectivity. Owing to its nondestructive nature, bacterial metabolic 

states could be probed in their native environment. Interestingly, the phasor positions of 

older cultures (15hours, 24 hours and 48 hours) recover back to that of a metabolically 

active bacteria phasor fingerprint when resuspended in fresh media. Cells in 13 days old 

culture did not show any recovery indicating that most cells are dead and there is no nutrient 

available. Hence we demonstrate a powerful non-invasive imaging technique to study 

bacterial metabolism and characterize the phasor fingerprint of bacteria under various 

conditions.  
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Conclusion and future direction 

Chapter overview: This is the concluding chapter of the thesis which summarizes the work 

discussed in this thesis followed by suggestions on future directions that could be pursued. 

7.1 Conclusion 

Understanding cellular metabolism, its regulation, and its influence on normal and 

pathological cell physiology coupled with investigation of oxidative stress in pathogenesis of 

these human diseases is an important area of biomedical research. In this thesis frequency – 

domain fluorescence lifetime imaging microscopy (FLIM) was employed to probe biological 

systems exploiting naturally occurring fluorophores. The FLIM technique has existed in the 

field of biomedical optics for the past several decades, yet much is left to be explored. The 

purpose of the work was to effectively utilize this powerful label-free, non-invasive tool to 

study metabolism and stress in a wide range of biological samples. 

In Chapter 3, we established for the first time, a novel oxidative stress detection technique 

by FLIM of an endogenous fluorophore with unique fluorescence lifetime. In this work, FLIM-

phasor served as a tool of discovery of this intrinsic species with characteristic long lifetime 

(LLS). We hypothesized the origin of this FLIM signal was due to lipid oxidation by reactive 

oxygen species (ROS) and we went on to prove it by exploiting non-linear optical microscopy 

techniques already well established for lipid imaging - Third harmonic generation (THG) 

imaging microscopy and coherent anti-Stokes Raman scattering (CARS) microscopy. All of these 
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techniques have the advantage of being label-free and non-invasive and could be correlated to the 

results of FLIM. We went one step further to characterize the chemical nature of this discovered 

species by classical Raman spectral analysis. We also show an application of this technique to 

detect cancer related oxidative stress. Moreover, we demonstrate its sensitivity to oxidative stress 

imaging in live tissue samples. This technique could prove tremendously advantageous, especially 

for in vivo measurement as it relies completely on intrinsic fluorophores.  

Chapter 4 demonstrated for the first time, simultaneous label-free metabolic and oxidative 

stress imaging in human induced pluripotent stem cell derived cardiomyocytes (hiPS-CM) 

upon application of pathological stimuli of hypoxia and cardiotoxic drugs. NADH FLIM-

phasor could detect metabolic response of hiPS-CMs to respiratory inhibitor drugs and 

hypoxic conditions. Moreover, we detected long lifetime species (LLS), indicating oxidative 

stress in the cells, the amount of which increased with the duration of hypoxia. This method 

could prove beneficial for drug development and screening studies, especially for in vitro 

cardiac models derived from stem cell-derived cardiomyocytes. 

Currently, tissue engineered organs-on-a-chip is one of the most promising avenues of 

biomedical research. However, development of such models requires non-invasive 

assessment and evaluation of the physiology. Moreover, application of these models as 

platforms for drug discovery and drug screening requires non-destructive readouts. In 

Chapter 5 we take a big leap closer to this goal by demonstrating metabolic imaging of a 

vascularized three-dimensional tumor microenvironment in a microfluidic based platform. 

We could identify metabolically dissimilar regions within the tissue chamber arising from 

tumors, microvessels formed by endothelial cells, as well the surrounding stromal cells. 
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NADH FLIM-phasor displayed excellent sensitivity towards detecting metabolic response to 

anticancer and anti-angiogenic drug administration, all of which could be quantified.    

In the last chapter, equipped with our efficient tools for label-free fluorescence lifetime 

imaging, we knocked on the doors of a different organism – the prokaryotes. FLIM of intrinsic 

fluorophores in live bacteria has not been explored as extensively compared to mammalian 

cells. Hence, in Chapter 6, we exploit FLIM phasor technique for bacterial metabolic imaging. 

This could prove important in understanding bacteria related pathology, drug response and 

therapy as well as emergence of newer drug-resistant bacterial strains, all in a label free 

manner. We created lifetime phasor fingerprint of five clinically relevant bacteria at their 

metabolically active phase of growth. We also tracked trajectories of bacterial phasors at 

different stages of growth from lag phase to stationary phase. We discovered interesting 

trajectories with initial linear nature till onset of stationary phase followed by oscillatory 

behavior. Moreover, FLIM phasors exhibited shifts with treatment with antibiotics which 

was retraced back upon drug recovery. Another potential advantage of this technique was 

the single cell resolution. Bacterial cells with diverse metabolic states were easily identified 

with wide phasor distribution. Further, specific cells which were resistant to antibiotics 

treatment could be immediately identified from the population. Thus in this chapter we 

demonstrate a powerful non-invasive imaging technique to study bacterial metabolism and 

characterize the phasor fingerprint of bacteria under various conditions.  

7.2 Future directions 

The results and discoveries unfolded in thesis exposed several future directions and 

opportunities to be explored using label-free fluorescence lifetime imaging microscopy 
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(FLIM). While we demonstrated the novel oxidative stress imaging technique, this is just at 

its infancy. A number of research areas that could be probed include detection of melanoma 

in live animal, investigation of adipocytes in obesity related diseases like diabetes, oxidative 

stress related to embryogenesis, and neurodegenerative diseases. Recently we 

demonstrated the capability of NADH-FLIM to differentiate between macrophage types207. 

This could be extended along with lipid oxidation detection in atherosclerotic plaque and to 

study its development. We demonstrated application in freshly excised adipose tissue, 

however, this can be translated to in vivo imaging. Current techniques of ROS measurement 

especially with exogenous fluorescent dyes do not provide the same richness of information. 

Moreover, certain characteristics of the dye including its solubility in lipid versus aqueous 

environment, ability to cross biological membranes, sample preparation and required time 

for incubation, influences of physiological conditions like temperature and pH, and so on, are 

essential determinants of usefulness of the fluorescent dye109.  Moreover, there is always the 

difficulty of the dye being equally distributed in all the cellular location inside the tissue. If 

trapped in certain pockets, it might not give the true picture of oxidative stress in the tissue 

of interest.   

From technical point of view, a better understanding of the origin of the fluorophore is 

required. Destructive chemical analysis techniques like mass spectrometry might not be 

accurate for this application since we discovered the presence of the long lifetime species 

(LLS) in only a subset lipid droplet. Matrix-Assisted Laser Desorption Ionization (MALDI) 

imaging mass spectrometry offers chemical analysis while preserving spatial location228. 

This technique could be explored with simultaneous FLIM for precise identification of LLS 
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location in the sample, but the spatial resolution is not sufficient to resolve single lipid 

droplets.   

We demonstrated metabolic imaging of tissue engineered tumor-on-a-chip model. These 

promising results could be extended further in tissue engineering to study metabolic 

changes during angiogenesis, tumor cell migration, as well as multi-tissue co-cultures. For 

example, we could study the simultaneous effect of anticancer drug on tumor and 

cardiotoxicity of the same drug in a cardiac microenvironment employing a dual tissue 

chamber model229. Robust metabolic imaging in complex ‘human-on-a-chip’ models230 can 

be possible due to the ease with which this two-photon microscopy technique can be applied 

to complex 3D structures. Simultaneous second harmonic generation (SHG) and third 

harmonic generation concomitant with FLIM could give us real time information in a 

nondestructive manner.     

Finally, we investigated the FLIM-phasor technique in metabolic fingerprinting of bacteria. 

This unveils opportunities to study and understand bacterial pathogenesis. Real time 

imaging of bacterial infection, including simultaneous metabolic response of bacteria as well 

as host cells could be easily performed. Moreover, recently we extended this technique to 

bacterial biofilm which displayed phasor fingerprint distinct from the single cell stage. 

Bacterial biofilm formation and detection in biomedical implant infections a prominent 

subject of research231,232. The label-free nature of FLIM phasor could have great potential in 

biofilm research.  
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In conclusion, label free metabolic and oxidative stress imaging employing FLIM is a 

promising technique in the field of biomedical optics and can bring about tremendous 

progress in biology, biomedicine as well as translational medicine. 
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